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YHTEENVETO

Yksi syövän syntyyn ja etenemiseen vaikuttavista tekijöistä on kromosomaalis-
ten muutosten, kuten geenien häviämien ja monistumien, kertyminen genomiin.
Eturauhassyövistä on löydetty monia usein esiintyviä kromosomaalisia muutok-
sia, mutta vain muutamien muutosten kohdegeeni on tunnistettu. Kohdegeenien
tunnistaminen voisi johtaa uusien diagnostisten ja prognostisten menetelmien, tai
uusien hoitojen kehitykseen.

Vertailevalla genomisella hybridisaatiolla (VGH) on saatu selville, että
HIF1A-geenin lokus, 14q23.2, on monistunut PC-3-eturauhassyöpäsolulinjassa
ja EZH2-geenin lokus, 7q36.1, LuCaP41-eturauhassyöpävierassiirteessä. Lisäksi
EIF3S3-geenin lokuksen, 8q23.3–24.11, ylimääräisiä kopioita esiintyy jopa 80%
pitkälle edenneissä eturauhassyövissä. Fluoresenssi in situ hybridisaatiolla
(FISH) pyrittiin selvittämään, kuinka yleisiä em. geenien monistumat ovat etu-
rauhassyövässä ja ovatko ne monistumien kohdegeenejä. Lisäksi EZH2-geenin
ilmentymistä tutkittiin kvantitatiivisella käänteiskopiointipolymeraasiketjureak-
tiolla (Q-RT-PCR) ja immunohistokemiallisella värjäyksellä.

EIF3S3- ja EZH2-geenien ylimääräisiä kopioita oli huomattavasti enemmän
pitkälle edenneissä syövissä, jopa yli 50%:ssa hormoniriippumattomista etu-
rauhassyövistä. Muutoksilla oli heikko yhteys lyhyempään tautivapaaseen aikaan
prostatektomialla hoidetuilla potilailla. EZH2-proteiinin ilmentyminen oli voi-
makkaampaa edenneissä syövissä, erityisesti sellaisissa, joissa oli geenin monis-
tuma (p<0.05). Kahdeksassa eturauhassyöpävierassiirteessä kymmenestä oli
EZH2-geenin monistuma. Yksi näistä oli ns. korkea-asteinen monistuma, 7-10
kopiota. Q-RT-PCR:n mukaan EZH2 myös ilmentyi siinä voimakkaasti mRNA-
tasolla. Ilmentyminen näytti voimakkaammalta myös muissa monistuman sisäl-
tävissä vierassiirteissä, vaikkakaan ei tilastollisesti merkittävästi. Sekä EZH2-
että EIF3S3-geeniä voidaan pitää lokuksiensa mahdollisina kohdegeeneinä. Sen
sijaan HIF1A-geeni ei ollut monistunut yhdessäkään tutkitussa eturauhassyöpä-
kasvaimessa. Ainoa HIF1A-monistuma löytyi PC-3-solulinjasta, joten yleisesti
eturauhassyövässä esiintyvä HIF1A-proteiinin yli-ilmentyminen ei johdu geenin
monistumasta.

Eturauhassyöpävierassiirteistä ja -solulinjoista seulottiin myös koko genomin
kattavasti geenien kopioluku- ja ilmentymismuutoksia cDNA-mikrosirujen avul-
la. Havaitut kopiolukumuutokset olivat enimmäkseen yhteneväisiä aikaisempien
tutkimusten kanssa. cDNA-mikrosiruille tehtävän VGH:n resoluutio on kuiten-
kin parempi kuin vanhempien menetelmien, joten joidenkin muuttuneiden kro-
mosomialueiden voitiin osoittaa olevan pienempiä tai koostuvan useasta erilli-
sestä muutoksesta. Lisäksi löydettiin muutamia aiemmin tuntemattomia kro-
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mosomaalisia muutoksia, kuten alueiden 1q21.2–23.1, 9p13–q21 ja 16p monis-
tumat. 9p13-alueen monistuma varmennettiin FISH:lla. Geenien kopioluvuilla
myös näyttäisi olevan suurempi vaikutus geenien ilmentymistasoon kuin aiem-
min on uskottu. Geenien ilmentymistä tutkittaessa tunnistettiin myös joitakin
mahdollisia kohdegeenejä, kuten POGZ (1q21.3, monistuma), ITGA4 (2q31.3,
häviämä), FZD6 (8q22.3, monistuma), UBE2R2 (9p13.3, monistuma) ja RBBP6
(16p13.3, monistuma).

Yhteenvetona voidaan todeta, että EIF3S3- ja EZH2- geenit ovat mahdolli-
sesti lokuksiensa monistumien kohdegeenejä. Lisäksi EIF3S3-geenin monistu-
maa voidaan pitää ennusteellisena tekijänä. cDNA-mikrosiruille tehdyllä
VGH:lla voidaan havaita pienempiä kromosomialueiden muutoksia kuin van-
hemmilla menetelmillä. Kohdegeenien suora tunnistaminen on mahdollista tut-
kittaessa yhtä aikaa kopioluku- ja ilmentymismuutoksia. Vähäinenkin kopiolu-
vun muutos näyttäisi vaikuttavan geenin ilmentymiseen.
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ABSTRACT

Chromosomal aberrations, including deletions, gains and amplifications are
thought to be a mechanism for the development and progression of cancer. Many
frequent alterations have been described in prostate cancer, but only a few defini-
tive target genes have been identified. The identification of target genes could
lead to the development of diagnostic and/or prognostic markers as well as new
targets for therapy.

According to comparative genomic hybridisation (CGH), the HIF1A locus
(14q23.2) is amplified in the prostate cancer cell line PC-3, and the EZH2 locus
(7q36.1) in the prostate cancer xenograft LuCaP41. The locus of EIF3S3
(8q23.3–24.11) is gained in up to 80% of advanced prostate cancers. In order to
determine whether these genes could be the target genes of the amplifications,
fluorescence in situ hybridisation (FISH) was used to assess their amplification
frequencies. In addition, the expression of EZH2 was studied by quantitative
real-time reverse transcription polymerase chain reaction (Q-RT-PCR) and im-
munohistochemistry (IHC).

No amplifications of HIF1A were found in clinical prostate cancer samples.
Only PC-3 had an amplification of the gene, indicating that the generally ob-
served overexpression of the protein in prostate cancer is not due to gene ampli-
fication. The frequencies of EIF3S3 and EZH2 gains/amplifications were signifi-
cantly higher in advanced disease, reaching over 50% in hormone-refractory
prostate cancer. The alterations were weakly associated with poor progression-
free survival in prostatectomy-treated patients. The expression of EZH2 was
higher in advanced disease and especially in samples with high-level amplifica-
tion of the gene (p<0.05). Eight out of ten xenografts contained a gain of EZH2,
including one with a high-level amplification of 7–10 copies. This sample also
showed markedly higher mRNA expression by Q-RT-PCR. A trend towards in-
creased expression was seen in the xenografts with gain of EZH2, although it
was not statistically significant. Both EIF3S3 and EZH2 may be considered puta-
tive target genes for the gains of their respective loci.

Finally, array comparative genomic hybridisation (aCGH) and cDNA mi-
croarrays were used to screen prostate cancer cell lines and xenografts for ge-
nome wide copy number and expression alterations. The copy number alterations
(CNAs) and their frequencies were generally consistent with earlier data ob-
tained by CGH of the same samples, although due to the better resolution some
aberrations were narrowed down or shown to consist of several smaller aberra-
tions interrupted by regions of normal copy number. Previously unreported fre-
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quent copy number alterations were also found, for example, gains in 1q21.2–
23.1, 9p13–q21 and 16p. The amplicon in 9p13 was verified by FISH. cDNA
microarrays showed that even a modest increase in copy number significantly
affects the expression of the altered genes, indicating that simple gains may have
a larger impact in prostate cancer than previously thought. Several putative target
genes for copy number aberrations were also identified by cDNA microarray
analysis, including POGZ (gain 1q21.3), ITGA4 (loss 2q31.3), FZD6 (gain
8q22.3), UBE2R2 (gain 9p13.3), and RBBP6 (gain 16p13.3).

In conclusion, EIF3S3 and EZH2 may be considered putative target genes of
the amplifications at 8q23–24 and 7q36.1, respectively. In addition, EIF3S3
could be used as prognostic marker. Array-CGH (aCGH) detects smaller regions
of copy number alterations than CGH and may be used to narrow down known
alterations and detect novel CNAs. When it is used together with expression ar-
rays, putative target genes of the CNAs may be directly identified. Even a low-
level  copy  number  alteration  appears  to  affect  the  expression  of  the  altered
genes.
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INTRODUCTION

The age-adjusted incidence of prostate cancer has steadily increased in the past
decades and it has become the most common male malignancy in Finland (Fin-
nish Cancer Registry, 2005). In 2003, over 4,200 new cases were diagnosed and
almost 750 men died of the disease in Finland. The steady increase cannot be
accounted for by improved diagnostics alone, and the reasons for it remain, for
the most part, unknown.

Prostate cancer afflicts predominantly old men. The mean age at diagnosis is
around 70 years, and for this reason the impact of prostate cancer on the public
health system is expected to rise as the population ages (Finnish Cancer Registry,
2005). The late onset of the disease, often combined with a slow rate of progres-
sion, results in most patients dying of other causes before the cancer progresses
to a fatal stage. Nevertheless, about a third of prostate cancer patients die of their
cancer, regardless of treatment. Although screening the population for prostate
cancer has allowed diagnosis at earlier stages of the disease, its benefits have not
been proven by randomised trials. Unfortunately, reliable identification of ag-
gressive forms of prostate disease at the time of diagnosis is impossible with
present day diagnostics: there are no molecular markers for prostate cancer ag-
gressiveness in clinical use and the prognoses are based on histological grade
and clinical stage.

Prostate cancer is a heterogeneous disease, up to the point that a single pa-
tient may have multiple tumour lesions with different properties. Sometimes the
largest lesion is not the one to lead to the demise of the patient: another one may
shed micrometastatic cells into the bloodstream and colonise other organs (Jen-
kins et al., 1997). Diagnostic and prognostic molecular markers for prostate can-
cer are needed to define which patients a) are at risk of getting prostate cancer, b)
have prostate cancer, c) have clinically insignificant cancer that can be left un-
treated, d) have aggressive cancer that needs aggressive treatment, and e) have
aggressive cancer that is likely to recur after initial treatment by prostatectomy
and would therefore require adjuvant therapy to prevent, or at least delay, pro-
gression.

Like other cancers, prostate cancer arises as the result of the breakdown of
cellular control mechanisms of proliferation and/or apoptosis. The reason for the
breakdown is deregulation of key genes governing these processes, which may
happen, for example, at the chromosomal level as a result of deletions, gains,
amplifications, or translocations of the genes. The identification of the genes
involved in the alterations could lead to improved diagnostics, identification of
aggressive cases, and new therapies.
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REVIEW OF THE LITERATURE

Chromosomal aberrations in prostate cancer

Classical cytogenetic analyses of prostate tumours are difficult, because good-
quality metaphases are not easy to obtain due to low mitotic indexes of primary
cultures. Even if metaphases of cancer cells were obtained in primary culture,
they would be scarce on the preparations because of overgrowth by normal
epithelial cells. Despite this, classical cytogenetics have been able to identify, for
example losses in 8p and 10q in prostate cancer (Lundgren et al., 1992).

Multiplex fluorescence in situ hybridisation (M-FISH) and spectral karyotyp-
ing (SKY) enable the simultaneous identification of copy number changes and
translocations (Speicher et al., 1996; Schröck et al., 1996; Macville et al., 1997).
The methods are reliant on cancer cell metaphases, and cannot therefore be read-
ily used to study clinical prostate cancers. However, M-FISH and SKY are use-
ful in studying cell lines. SKY analysis has revealed, for example, recurrent
breakpoints in chromosome arms 5q11, 8p11, and 10q22 in prostate cancer cell
lines (Pan et al., 2001).

Loss of heterozygosity (LOH) analysis, a polymorphism-based method that
requires normal and tumour DNA from the same patient, has been widely used to
detect losses of polymorphic DNA sequences. LOH data cannot always be inter-
preted as physical copy number losses, since the remaining allele may be dupli-
cated after the loss of the first allele (de Nooij-van Dalen et al., 1998; Varella-
Garcia et al., 1998; White et al., 1998). Nonetheless, LOH analyses have been
helpful in determining regions of allelic loss in prostate cancer. Frequent regions
of LOH in prostate cancer include 5q, 6q, 8p, 10q, 13q, 16q, and 18q (Berger-
heim et al., 1991; Kagan et al., 1995; Vocke et al., 1996; Cooney et al., 1996,
1996b; Carter et al., 1990; Elo et al., 1997; Cunningham et al., 1996; Ittmann
and Wieczorek, 1996).

Before the invention of comparative genomic hybridisation (CGH), first de-
scribed in 1992 by Kallioniemi et al., knowledge of the genomic composition of
solid tumours was scarce and no genome-wide method to study copy number
alterations was known. CGH eliminates the need for metaphases of tumour cells
and allows the identification of copy number alterations from a relatively small
amount of tumour DNA. The labelled DNA is hybridised together with differen-
tially labelled normal control DNA to metaphases of normal peripheral blood
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lymphocytes  and  the  ratios  of  the  hybridised  DNA  signals  are  analysed  with
computer software.

Chromosomal aberrations in prostate cancer have been identified in numer-
ous CGH studies since the mid-1990s, and the inherent heterogeneity of the dis-
ease has been revealed. A single chromosomal aberration responsible for most of
the cases has not been found in prostate cancer. The most common chromosomal
alterations found by CGH in early stage clinical prostate cancer are losses in 5q,
6q, 8p, 13q, 16q, and 18q, and gains of 7p/q, 8q, and 16p (Visakorpi et al.,
1995b; Alers et al., 2000). These are found in 10–50% of untreated primary
prostate cancers and to some extent in pre-malignant lesions, such as high-grade
prostatic intraepithelial neoplasia (HGPIN) (Zitzelsberger et al., 2001). The
minimal regions of these alterations have been narrowed down by LOH and
aCGH studies and include, for example, 6q16.3–21, 6q22, 8q21.13, 8q22.1,
8q22.2–3, 8q24.13, 8q24.21, 13q14, 13q21–22, 13q33, 16q21.1, and 16q24.3
(Latil et al., 1997; Elo et al., 1999; Hyytinen et al., 1999, 2002; Srikantan et al.,
1999; van Duin et al., 2005b; Watson et al., 2004; Hermans et al., 2004).

As prostate cancer progresses to hormone-refractory disease and/or spreads
to lymph nodes or distant organs, chromosomal aberrations become more abun-
dant and additional recurrent aberrations appear. In addition to the alterations
found already at early stages of the disease, losses in 10q, 15q, 17p, 19p/q, and
22q, as well as gains in 1q, 3q, and Xq are frequently found in locally recurrent
hormone-refractory prostate cancer (Visakorpi et al., 1995b; Nupponen et al.,
1998b; El Gedaily et al., 2001). Untreated lymph node metastases contain aber-
rations frequently in more or less the same regions as the locally recurrent hor-
mone-refractory tumours, although the gain in Xq appears to be specific to hor-
mone-refractory disease (Cher et al., 1996; Visakorpi et al., 1995b).

Prostate cancer cell lines are difficult to establish, and less than ten are avail-
able commercially. The classical prostate cancer cell lines, PC-3, LNCaP, and
DU145 have been most widely profiled for chromosomal alterations. CGH pro-
files have been published by Nupponen et al. (1998a), M-FISH profiles by Pan et
al. (1999), SKY by van Bokhoven et al. (2003), and aCGH profiles by several
groups (Clark et al., 2003; Wolf et al., 2004; Zhao et al., 2005). The widely dis-
tributed newer cell line 22Rv1/CWR22R has also been profiled with CGH, M-
FISH,  and  aCGH  (Laitinen et al., 2002; Wolf et al., 2004; Zhao et al., 2005).
The findings have generally been concordant between the studies, with minor
differences that may be attributed to different methods of analysis and interpreta-
tion of copy number alterations, and allowing the differences in resolution.

Human prostate cancers have also been grown in immunocompromised mice
as xenografts and they have become valuable supplementary research tools to the
prostate cancer cell lines. Fifteen xenografts (LAPC-4AD, LAPC-4AI, LAPC-
9AD, and LAPC-9AI, as well as LuCaPs 23.1, 23.8, 23.12, 35, 41, 49, 58, 69,
70, and 73) have been characterised with CGH (Williams et al., 1997; Laitinen et
al., 2002). Most of these models are derived from metastatic prostate cancer and
hence  represent  advanced  stages  of  the  disease  (reviewed  by  Sobel  and  Sadar,
2005a, 2005b). Thus it is not surprising that the most commonly found copy
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number alterations in cell lines and xenografts have been the same as for ad-
vanced clinical samples.

Losses

Losses are more prevalent in early stage prostate cancer than gains (Alers et al.,
2001; Chu et al., 2003; Visakorpi et al., 1995b). This implies that inactivation of
tumour suppressor genes may be more important in prostate cancer initiation
than oncogene activation. Attempts to identify target genes have been frustrating
as somatic mutations in the remaining alleles have rarely been found. Therefore,
it is now believed that haploinsufficiency, where the loss of a single gene copy is
enough to cause an altered phenotype, or epigenetics, such as hypermethylation
of promoter regions, play significant roles in prostate cancer (Chaib et al., 2003;
reviewed by Santarosa and Ashworth, 2004; and by Li et al., 2005).

Despite the high frequency of deletions in 6q, 13q and 18q, target genes for
these regions have not been identified. The BRCA2 and RB1 genes at 13q13.1
and 13q14.2, respectively, do not seem to play significant roles in sporadic pros-
tate cancer (Tricoli et al., 1996; Li et al., 1998; Latil et al., 1999).

8p: NKX3-1

The most common chromosomal deletion in prostate cancer is the loss of 8p.
This alteration is found already in early stage prostate cancer and also in HGPIN
(Visakorpi et al., 1995b; Zitzelsberger et al., 2001). Independent loss of three
separate regions in 8p has been identified (Macoska et al., 1995; Paris et al.,
2004). Putative target genes for these regions include NKX3-1 (8p21.2), LZTS1
(8p22), and MSR1 (8p22) (He et al., 1997; Ishii et al., 1999; Hawkins et al.,
2002).

NKX3-1 is an androgen-regulated homeobox gene that controls the develop-
ment of the prostate during embryonic development and the differentiation of
prostate epithelial cells in adulthood (He et al., 1997). In adults it is expressed
mainly in the prostate. The loss of a single copy of NKX3-1 has been shown to
cause prostatic intraepithelial neoplasia (PIN) and dysplasia in mice, and its ex-
pression is decreased already in the early stages of disease (Abdulkadir et al.,
2002). Further reduction in expression or mislocalisation of the protein happens
during cancer progression (Bowen et al., 2000). Haploinsufficiency of Nkx3-1
has been demonstrated in Nkx3-1 mutant mice by measuring the expression lev-
els of Nkx3-1 target genes. Some of them were as much deregulated in the het-
erozygous mutants as they were in the homozygous mutants (Magee et al.,
2003). Apart from homozygous deletions, inactivating mutations of the NKX3-1
coding sequence have not been detected in sporadic prostate cancer (Voeller et
al., 1997; Ornstein et al., 2001). In hereditary prostate cancer, however, twenty-
one germ-line variants of the gene have recently been identified in 159 probands,
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and some of them were shown to be linked to prostate cancer (Zheng et al.,
2006). One of these variants, a rare mutation, was shown to decrease the binding
of the protein to its DNA recognition sequence and co-segregate completely with
prostate cancer in a family with three affected brothers and one unaffected
brother. Although three CpG sites in the promoter region of NKX3-1 have been
shown to be more methylated in cancer cells compared to adjacent normal cells,
widespread methylation of the promoter has not been found (Asatiani et al.,
2005). The expression of NKX3-1 may be regulated post-transcriptionally: pro-
tein levels in mice are low despite normal levels of mRNA (Kim et al., 2002a).

10q: PTEN and MXI1

Allelic imbalance in 10q is frequently observed in prostate cancer (Carter et al.,
1990). A pattern of loss of distal 10p, gain of regions around the centromere, and
loss of distal 10q (loss – gain – loss) has been identified in CGH and aCGH stud-
ies (Nupponen et al., 1998b; Laitinen et al., 2002; Hermans et al., 2004).

The most studied candidate target gene for 10q is the PTEN (phosphatase and
tensin homologue 1) tumour suppressor gene at 10q23.3. In addition to frequent
hemi- and homozygous deletions, mutations of the gene have been reported in
aggressive late-stage prostate cancer, making PTEN a case of classical tumour
suppressor gene (Suzuki et al., 1998). PTEN is essential in early development,
since a double knock-out is embryonic lethal (Di Cristofano et al., 1998; Podsy-
panina et al., 1999). It dephosphorylates phosphoinositide substrates and nega-
tively  regulates  the  AKT  oncoprotein.  Haploinsufficiency  of PTEN has  been
shown to promote prostate cancer progression in mice and shorten their survival
(Trotman et al., 2003; Kwabi-Addo et al., 2001). Inactivation of both PTEN and
NKX3-1 in mice has been shown to lead to HGPIN/early carcinoma by 6 months
of age and aggressive prostatic carcinoma after 12 months (Kim et al., 2002b;
Abate-Shen et al., 2003). In contrast, introduction and expression of PTEN in
PC-3 has been shown to slow their growth and reduce their metastatic potential
in mice (Davies et al., 2002).

Frequent loss, including homozygous deletion, of parts of 10q around the
PTEN locus, has been detected by aCGH in eleven prostate cancer xenografts
and three cell lines (Hermans et al., 2004). The distal flanking gene, FLJ11218,
was almost always co-deleted with PTEN,  in four cases homozygously.  In most
cases the closest proximal genes MINPP1 (multiple inositol polyphosphate his-
tidine phosphatase, 1), PAPSS2 (3'-phosphoadenosine 5'-phosphosulfate synthase
2), and ATAD1 (ATPase family, AAA domain containing 1, aka FLJ14600) were
also lost. In addition to PTEN inactivation, FLJ11218 and PAPSS2 were signifi-
cantly down-regulated, and inactivating mutations or total loss of the remaining
allele were found in PAPSS2. These findings suggest that PTEN may not be the
only target gene of 10q23 deletions.

There is also evidence of independently deleted regions distal to PTEN, at
10q25–qter, implying additional tumour suppressor genes on 10q (Leube et al.,
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2002). A suggested candidate gene is MXI1 (MAX  interactor  1,  isoform  b,  at
10q25.2), whose product is a transcription factor and an antagonist of MYC (v-
myc myelocytomatosis viral oncogene homologue [avian]), (Prochownik et al.,
1998; Zervos et al., 1993). Inactivating mutations of the remaining MXI1 gene
have been detected in prostate tumours with deletion at 10q24–25 (Prochownik
et al., 1998). Forced expression of MXI1 in DU145 has been shown to suppress
their proliferation and colony forming potential (Taj et al., 2001).

16q: HSD17B2 and CDH1

LOH studies have defined at least four independently deleted regions in 16q: at
16q21.1, 16q22.1–22.3, 16q23.2–24.1, and 16q24.3–qter (Suzuki et al., 1996;
Latil et al., 1997; Elo et al., 1999; Härkönen et al., 2005). Loss at 16q24.3 is
associated with progression of prostate cancer (Härkönen et al., 2005). A small
deletion in 16q21 and 13 separate regions of frequent loss in 16q22.2–qter have
been defined with a high-resolution chromosome 16q specific BAC/PAC/cosmid
array of 326 clones from a pre-selected set of 16 samples with deletions in 16q
(Watson et al., 2004). The regions were in agreement with the LOH studies,
whose resolution is not as good. Six genes located in these regions – FOXF1
(forkhead box F1), MAF (v-maf musculoaponeurotic fibrosarcoma oncogene
homolog [avian]), MVD (mevalonate [diphospho] decarboxylase), WFDC1
(WAP four-disulfide core domain 1), WWOX (WW domain containing oxidore-
ductase), and a predicted transcript Q9H0B8 (now  known  as CRISPLD2, cys-
teine-rich secretory protein LCCL domain containing 2) – have also been shown
to be consistently down-regulated in cancer compared to matched benign tissue,
indicating them as putative tumour suppressor genes (Watson et al., 2004).

HSD17B2 (hydroxysteroid [17-beta] dehydrogenase 2), located at 16q23.3,
and involved in hormone metabolism, has recently been shown to be deleted in
29% (14/48) prostate cancers (Härkönen, 2005). The deletion was associated
with metastasis and tumour stage. Mutations of HSD17B2 have not been found
(Elo et al., 1999). The expression of this gene has been shown to decrease dra-
matically in LNCaP cells as they become androgen-independent (Härkönen et
al., 2003). Others, however, have shown that HSD17B2 expression is increased
in hormone-refractory prostate cancer (Fromont et al., 2005).

CDH1 (ECAD, E-cadherin) has been suggested as the target gene of 16q22.1.
The encoded protein is a cell–cell adhesion molecule and it has been proposed
that the gene could be a metastasis suppressor gene (Umbas et al., 1992). Loss of
CDH1 expression is more frequent in advanced prostate cancer than in early
stage disease and may contribute to tumour progression, rather than initiation
(Umbas et al., 1992). Decreased CDH1 protein expression could also be used as
a prognostic marker for prostate cancer progression (Umbas et al., 1994). So-
matic mutations in the coding region of the remaining allele have not been de-
tected but aberrant methylation at the promoter region has been shown in ad-
vanced prostate cancer occasionally (Suzuki et al., 1996; Graff et al., 1995; Ma-
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ruyama et al., 2002; Li et al., 2001). A polymorphism in the promoter region of
CDH1 has  been  shown  to  be  associated  with  increased  risk  of  prostate  cancer
(Jonsson et al., 2004).

Gains and amplifications

Gains or low-level amplifications are found in some of the early prostate cancers
and in the majority of advanced prostate cancers. The most common gains, 7p/q
and 8q, which are found in 20% and 36% untreated prostate cancers, respec-
tively, have been found to be effective in predicting eventual progression in
prostatectomy-treated patients (Alers et al., 2000; Skacel et al., 2001).

High-level amplifications are found mainly in hormone-refractory prostate
cancer (El Gedaily et al., 2001; Laitinen et al., 2002; Alers et al., 2000). The
most commonly observed amplifications are from the distal 8q (8q23–qter) and
proximal Xq (Xq11–13). They are found at frequencies of 73% and 35%, respec-
tively, by CGH (Nupponen et al., 1998b). FISH studies have shown that at least
MYC (at 8q24.21) and AR (androgen receptor, at Xq12) are truly amplified in
these regions and, taking into account their functions, they are so far the best
candidates for the target genes of these amplicons (Jenkins et al., 1997; Visa-
korpi et al., 1995a; Nupponen et al., 1999).

8q: MYC and EIF3S3

Gain of chromosome arm 8q is the most common copy number increase in pros-
tate cancer and has been associated with poor outcome (Visakorpi et al., 1995b;
Alers et al., 2000; van Dekken et al., 2003). Due to its high frequency, it is per-
haps the most studied gain in prostate cancer. In many cases, the whole arm is
affected, but sometimes smaller gains are observed. This suggests that there are
more than one target genes in 8q. Suggested target genes include TPD52 (tumour
protein D52, at 8q21.13), TCEB1 (transcription elongation factor B [SIII], poly-
peptide 1 [15kDa, elongin C], at 8q21.11), EIF3S3 (eukaryotic translation initia-
tion factor 3, subunit 3, at 8q23.3–24.11), RAD21 (RAD21 homologue [S.
pombe], at 8q24.11), PSCA (prostate stem cell antigen, at 8q24.3), and
KIAA0196 (Wang et al., 2004; Rubin et al., 2004; Porkka et al., 2002, 2004;
Nupponen et al., 1999; Savinainen et al., 2004; Reiter et al., 1998).

Two minimal regions of gain in 8q have been identified by CGH in hormone-
refractory prostate cancer: 8q21 and 8q23–24 (Visakorpi et al., 1995b; Cher et
al., 1996; Nupponen et al., 1998b). van Duin et al. (2005b) identified five sepa-
rate minimal regions of frequent copy number increase from 34 prostate cancer
samples, including cell lines, xenografts, and clinical samples, with a chromo-
some 8q-specific array of 702 BACs. Based on previous CGH analysis, most of
the samples were known to harbour 8q gains. The minimal regions ranged from
81 to 129Mb in size and were situated in bands 8q21.13, 8q22.1, 8q22.2–22.3,
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8q24.13, and 8q24.21. For three of these regions, also putative target genes were
identified: PDP (aka PPM2C, protein phosphatase 2C, magnesium-dependent,
catalytic subunit) at 8q22.1, PABPC1 (poly(A) binding protein, cytoplasmic 1) at
8q22.3, and KIAA0196 at 8q24.13 (van Duin et al., 2005b). The expression of
KIAA0196 has been shown to be significantly elevated in hormone-refractory
prostate cancer compared to benign prostatic hyperplasia (BPH) and associated
with gene amplification (Porkka et al., 2004).

The most obvious candidate target gene for 8q23–24 gain/amplification is the
oncogene MYC at 8q24.21. MYC is a transcription factor with thousands of
known and suspected target genes, including most RNA genes (Fernandez et al.,
2003; reviewed by Patel et al., 2004). MYC participates in activating transloca-
tions in B cell lymphomas and overexpression of MYC has been shown to in-
duce genomic instability, including amplification of some target genes and the
gene for MYC itself (reviewed by Mai and Mushinski, 2003). In many cases, the
amplifications have been shown to be transient, as the copy number of the genes
has returned to normal if MYC expression has ceased. Reversibility of MYC-
induced tumours has been shown in a mouse breast cancer model that condition-
ally  expresses  human  MYC.  As  long  as Kras2 was  not  mutated,  the MYC-
induced tumours regressed completely after removal of MYC expression (D’Cruz
et al.,  2001).  Recently,  overexpression  of  MYC  was  shown  to  be  sufficient  to
immortalise normal human prostate epithelial cells by up-regulating hTERT (te-
lomerase reverse transcriptase) and overriding the cell cycle inhibitory INK4a
(aka CDKN2A, cyclin-dependent kinase inhibitor 2A) (Gil et al., 2005). The
immortalised cells retained a normal-like molecular phenotype apart from a defi-
cient Rb/INK4a checkpoint. Another recent report, however, showed that forced
overexpression of MYC leads to a cancer phenotype in human prostate cells
grown in mice (Williams et al., 2005). A major difference that could explain the
discrepancy between the two studies may be the source of the primary prostate
cells. Gil et al. (2005) used prostate epithelium from a bladder cancer patient,
whilst Williams et al. (2005) harvested histologically normal cells from
prostatectomy-treated prostate cancer patients. Expression of human MYC in
transgenic mice has been shown to lead to murine PIN and adenocarcinoma in a
dose-dependent manner (Ellwood-Yen et al., 2003). As well as apparently being
involved in prostate tumour initiation, MYC may play a role in hormone-
independence of prostate cancer. Ectopic expression of MYC has been shown to
lead to androgen-independent growth of the androgen-dependent prostate cancer
cell line LNCaP (Bernard et al., 2003).

EIF3S3 was identified as overexpressed by suppression subtractive hybridisa-
tion in the breast cancer cell line, Sk-Br-3, which contains an 8q amplification
(Nupponen et al., 1999). The study subsequently showed that the gene was am-
plified and overexpressed in about 30% of hormone-refractory prostate cancers,
thus making it a candidate target gene for 8q amplification in prostate cancer.
EIF3S3 has also been shown to be amplified and overexpressed in 26% of hepa-
tocellular carcinomas (Okamoto et al., 2003).
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Inhibition of EIF3S3 expression in HeLa cells by siRNA has been shown to
lead to cell death upon entry into mitosis (Kittler et al., 2004). In contrast,
EIF3S3 overexpression in 3T3 cells has been shown to increase the proliferation
rate and enhance the survival of the cells compared to control cells, although the
cells were unable to form colonies in soft agar (Savinainen et al., 2006). Inhibi-
tion of EIF3S3 expression by siRNA in cancer cell lines has been shown to re-
duce their growth rate. Since overexpression of EIF3S3 does not transform cells,
it is more likely to be involved in progression rather than initiation of prostate
cancer.

The protein encoded by EIF3S3 is the 40kDa subunit of the eukaryotic trans-
lation initiation factor 3 (eIF3) which binds to the 40S ribosomal subunit and
keeps it from associating inappropriately with the 60S ribosomal subunit. The
location and function of EIF3S3 in the complex are not known (Asano et al.,
1997). EIF3S3 is not the only eIF3 subunit that has been implicated in cancer:
EIF3S8 and EIF3S10 have been shown to be overexpressed in cancer, although
EIF3S10 overexpression is limited to early stages of disease and associated with
good prognosis (Rothe et al., 2000; Chen and Buerger, 1999, 2004; Dallas et al.,
1998). Other eukaryotic translation initiation factors have also showed overex-
pression in cancer. eIF4E and eIF4G, which are components of eIF4F, have been
shown  to  possess  oncogenic  properties  when  overexpressed  in  3T3  cells  or  rat
embryo fibroblasts (Lazaris-Karatzas et al., 1990; Lazaris-Karatzas and Sonen-
berg, 1992; Fukuchi-Shigomori et al., 1997).

7q: MCM7

Although gain of chromosome 7 is one of the earliest and most frequent genomic
alterations in prostate cancer, only a few candidate target genes have been pro-
posed.

MCM7 (minichromosome maintenance 7, at 7q21.3), was recently shown to
be amplified (≥2 times as many copies as centromeres) in 45–50% untreated pri-
mary prostate cancers by FISH and Q-RT-PCR (Ren et al., 2005). The cancers
that were considered aggressive had a significantly higher copy number of
MCM7 than non-aggressive tumours. Overexpression of MCM7 was also shown
in most of the tumours with amplification. However, overexpression was ob-
served also in some tumours without amplification, implying that amplification
is not the only mechanism for MCM7 overexpression. Increased protein levels
were associated with higher tumour stage and Gleason score. Both amplification
and overexpression were associated with disease recurrence within five years of
prostatectomy. DU145 cells transfected with an MCM7 expression vector had
50% faster proliferation and invaded Matrigel twice as well as controls. Xeno-
grafts created from the transfected cells were 12 times larger than control xeno-
grafts and 50% of the hosts died within 6 weeks of grafting. All these results
indicate a role for MCM7 in prostate cancer. MCM7 has been suggested a more
accurate marker for proliferation than Ki67, as immunostaining by MCM7 anti-
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bodies can be seen not only in proliferating cells, but also in cells that are about
to proliferate (Padmanabhan et al., 2005).

MCM7 is a component of the minichromosome maintenance (MCM) com-
plex which binds DNA replication origins and prepares them for initiation of
replication, (replication licensing) (reviewed by Lei and Tye, 2001; and Lei,
2005). MCM proteins are not expressed in fully differentiated cells, which do not
proliferate. Cancer cells and pre-malignant cells in the process of transformation,
on the other hand, express MCM proteins at high levels, resulting in chromoso-
mal defects. Given the function of MCM7 in DNA replication licensing, its dys-
regulation is easy to accept as cancer-causing and -promoting.

Xq: AR

The amplification of the AR gene at Xq12 is observed in 20–50% of hormone-
refractory prostate cancers and the gene is also overexpressed (Visakorpi et al.,
1995a; Bubendorf et al., 1999; Linja et al., 2001; Brown et al., 2002). AR is a
nuclear steroid receptor and is expressed in normal and malignant prostate. It
mediates the effects of androgens which are essential for normal development of
the  prostate  and  the  differentiation  of  secretory  epithelial  cells.  The  removal  of
androgens from circulation is an effective treatment for prostate cancer (Huggins
and Hodges, 1941). Although about 80% of prostate cancers initially regress
after androgen withdrawal or antiandrogen treatment, patients eventually relapse
and die. The cancers with AR amplification have been shown to respond better to
second line maximal androgen blockade than tumours without the amplification,
although only for a short period of time (Palmberg et al., 2000).

The  amplification  explains  the  overexpression  of  AR  a  subset  (ca 30%) of
hormone-refractory prostate cancers but the reason for the overexpression of the
gene in the rest of the cases remains unknown. Mutations in the promoter and
untranslated  regions  (UTR)  of  the  transcript  do  not  seem  to  play  a  part  in AR
overexpression, as Waltering et al. (2006) found only 10 non-recurrent mutations
in five prostate cancer cell lines and 19 xenografts, and none in 30 untreated and
14 hormone-refractory prostate cancer samples. The mutations were not located
in known functional regions of the promoter or 5’ UTR.

The effect of AR amplification on gene expression has been demonstrated in
prostate cancer xenografts, where one additional copy of AR has been shown to
increase the mRNA expression of AR (Linja et al., 2001). Recently Chen et al.
(2004) demonstrated that increased expression of AR is necessary and sufficient
to convert androgen-sensitive growth of prostate cancer xenografts to hormone-
refractory growth. However, the xenografts had been derived from patients with
hormone-refractory prostate cancer. More importantly, they showed that the
hormone-refractory growth is ligand-dependent and requires the nuclear action
of AR. These findings may pave the way for new antiandrogen therapies, includ-
ing blocking the nuclear localisation of the activated receptor.
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In addition to amplifications in hormone-refractory prostate cancer, polymor-
phisms and mutations of the AR gene have been found, and some of them have
been linked to increased prostate cancer risk or failure of antiandrogen treatment
(reviewed by Linja and Visakorpi, 2004). The mutations leading to treatment
failure are most often located in the ligand-binding domain and alter the ligand-
specificity of the protein. The mutant receptors may be stimulated by estradiol,
progesterone, adrenal corticosteroids, glucocorticoids, or the antiandrogens flu-
tamide or bicalutamide (Veldscholte et al., 1990; Hara et al., 2003; Taplin et al.,
1995, 1999; Zhao et al., 2000). Although earlier studies have found mutations of
AR in 25–50% of prostate cancers, including untreated samples, later studies
have shown that they are rare in untreated prostate cancers as well as castration-
treated recurrent prostate cancers (Gaddipati et al., 1994; Tilley et al., 1996;
Marcelli et al., 2000; Wallén et al., 1999; reviewed by Linja and Visakorpi,
2004).

14q: HIF1A

The cell lines PC-3 and DU145 contain a gain of chromosome 14q (Nupponen et
al., 1998a). Gains in 14q have been found in about 10% of hormone-refractory
prostate cancers (Nupponen et al., 1998b).

HIF1A (hypoxia-inducible factor 1, alpha subunit) is located in 14q21–24,
and the protein encoded by it has been shown to be overexpressed in the majority
of prostate tumours, including HGPIN (Zhong et al., 1999). HIF1A is the regula-
tory subunit of the HIF-1 transcription factor, which activates the transcription of
genes involved in adaptation to oxidative stress (reviewed by Semenza, 1999).
Although the mRNA is constitutively transcribed, the protein is normally ex-
pressed only under hypoxic conditions. In PC-3 cells, however, HIF1A is ex-
pressed also under normoxic conditions (Zhong et al., 1998). Although HIF1A
missense mutations that may affect the stability of the protein have been found in
hormone-refractory prostate cancer, the gene is not mutated in PC-3 (Anasta-
siadis et al., 2002; Fu et al., 2004).

Translocations

To date, one recurrent translocation in prostate cancer has been described. Tom-
lins et al. (2005) applied a bioinformatics method, cancer outlier profile analysis
(COPA), to ONCOMINE, a cancer microarray database and data-mining plat-
form, to initially identify genes that were overexpressed in a subset of prostate
cancer cases instead of the majority of cases. Two related transcription factors,
ERG (v-ets erythroblastosis virus E26 oncogene like (avian), at 21q22.3) and
ETV1 (ets variant gene 1, at 7p21.2), were found to be substantially overex-
pressed in a mutually exclusive way in a subset of cases, and ranked in the top 10
outlier genes in 6 out of 10 independent prostate cancer gene expression profil-
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ing studies. No consistent amplification of the genes was found in cell lines and
clinical samples overexpressing the genes, so further studies were conducted to
see whether the genes were translocated. Both ERG and ETV1 are known to par-
ticipate in oncogenic translocations in Ewing’s sarcoma and myeloid leukaemias
(reviewed by Oikawa and Yamada, 2003). By exon-walking quantitative PCR, it
was determined that the expression of the first exons of both genes was dimin-
ished compared to the overexpressed latter exons, and RLM-RACE (RNA li-
gase-mediated rapid amplification of cDNA ends) revealed that the later exons of
the genes were fused to the untranslated beginning of the TMPRSS2 gene (trans-
membrane protease, serine 2, at 21q22.2). TMPRSS2 is androgen-induced and
expressed in normal and neoplastic prostate (Lin et al., 1999) and the transloca-
tion renders the transcription factors androgen-inducible. Therefore the overex-
pression of translocated ERG and ETV1 should be limited to androgen receptor
positive prostate cancers.

Further confirmation of the translocations was obtained by FISH analysis.
ETV1 was confirmed to be translocated to TMPRSS2 in  7/29  cases.  The ERG
gene was shown to split in 16/29 cases. Due to the proximity (ca. 3Mb) of ERG
and TMPRSS2, the authors did not prove that the FISH signal of ERG was trans-
located specifically to TMPRSS2.  The  translocation  of ERG or ETV1 to
TMPRSS2 was nevertheless reported in 79% (23/29) of prostate cancers. The
translocations remain to be confirmed.

Microarrays

The amount of data that has been produced with different microarray technolo-
gies in the past five to ten years is overwhelming. Genome-wide expression pro-
filing is commonly used to distinguish tumour categories from each other, and
the effect of pharmacological treatments on gene expression can be studied in in
vitro models of disease. Data on copy number alterations in cancer and in pheno-
typically normal individuals has accumulated and single nucleotide polymor-
phisms (SNPs) have been screened for in a high-throughput manner, widening
the knowledge on genetic variation.

General properties of microarrays

The target, or probe, sequences on DNA microarrays can be of several types.
The first DNA microarrays consisted of cDNA sequences spotted onto a glass
slide and the soluble samples were hybridised to the immobilised probes (Schena
et al.,  1995,  1996).  Later,  it  was  noted  that  a  more  uniform  set  of  targets  was
preferable in terms of hybridisation reliability. This led to the development of
oligonucleotide microarrays, where specifically designed oligonucleotides of a
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certain size, usually 40–70bp, are synthesised in situ directly onto the microarray
slide (Lockhart et al., 1996). SNP arrays are oligonucleotide microarrays where
four oligos, with a single difference in sequence, are designed to cover known
SNPs (Wang et al., 1998).

When methods for hybridising genomic DNA to microarray slides were first
described, large targets such as bacterial artificial chromosomes (BACs), P1-
vector derived artificial chromosomes (PACs) or cosmid clones were spotted
onto the slides (Solinas-Toldo et al., 1997; Pinkel et al., 1998). cDNA microar-
rays can also be used for copy number analyses (Pollack et al., 1999). The com-
plexity of large targets is a problem also in aCGH. Ligation-mediated PCR has
been used to produce representations of the probes and reduce their complexity,
and an even further reduction in target complexity has been achieved by design-
ing oligonucleotide arrays specifically for aCGH analysis (Lucito et al., 2000,
2003; Snijders et al., 2001; Barrett et al., 2004).

The advantages of microarray technologies in profiling of gene expression,
gene copy number and SNPs are clear. They are high-throughput methods and
allow the characterisation of the whole transcriptome/genome at once, providing
the density of targets is sufficient. The implementation of public repositories for
microarray data makes it possible for the unreported information to be data
mined and reassessed by other investigators.

At present, the major limitation for the widespread use of microarrays is the
cost of microarray slides, especially commercial ones, which limits the number
of samples used. Custom-made slides are not easily produced and their reliability
may be questionable, as it has been reported that 20–40% of cDNA clones in
libraries that are used to create the microarrays do not represent the sequence
implied by their annotation (Taylor et al., 2001; Halgren et al., 2001). Data-
analysis may also prove cumbersome for investigators not familiar with bioin-
formatics methods.

Expression profiling of prostate cancer

Both spotted cDNA microarrays and oligonucleotide microarrays have been used
to profile gene expression in prostate cancer. Microarray studies have identified
new putative markers of prostate cancer (diagnostic markers) and of prostate
cancer progression (prognostic markers). Depending on the content of the mi-
croarrays used, the samples, and the data-analyses, the most over- and underex-
pressed genes may vary between studies. Regardless of this, some genes have
come up consistently in independent studies using different platforms.

Hepsin (HPN)

Several studies have identified HPN (aka TMPRSS1) as an overexpressed gene in
prostate cancer compared to BPH (Dhanasekaran et al., 2001; Luo et al., 2001;
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Magee et al., 2001; Welsh et al., 2001). The gene encodes a membrane bound
serine protease, hepsin, which activates the hepatocyte growth factor/c-Met
(HGF/c-Met) pathway by cleaving HGF (Kirchhofer et al., 2005). This pathway
leads  to  enhanced  cell  migration  of  prostate  cancer  cells  via  the  production  of
matrix metalloproteinases (MMPs) and urokinase type plasminogen activator
(uPA) (Fujiuchi et al., 2003). Hepsin overexpression in non-metastatic prostate
cancer of the mouse causes basement membrane disorganisation in the epithe-
lium, which promotes invasion and metastasis (Klezovitch et al. 2004). How-
ever, HPN expression is lower in metastatic prostate cancer, and forced overex-
pression of the gene in metastatic prostate cancer cell lines actually weakens the
proliferation and colony-forming potential of the cells (Srikantan et al., 2002).
This indicates that hepsin’s role in disease progression is over once dissemina-
tion has happened (Vasioukhin, 2004). Fromont et al., (2005) have also shown
decreased expression of HPN in hormone-refractory prostate cancer compared to
prostate cancers treated by prostatectomy, but the finding was not addressed fur-
ther.

α-methylacyl-CoA racemase (AMACR)

Another gene implicated by more than one microarray study is the α-methylacyl-
CoA racemase (AMACR) (Xu et al., 2000; Dhanasekaran et al., 2001; Welsh et
al., 2001; Luo et al., 2001; Luo et al., 2002). Compared to benign samples, it is
significantly up-regulated in neoplastic prostate samples, including HGPIN, in-
dicating that it has a role in the early stages of prostate cancer development (Luo
et al., 2002; Xu et al., 2000; Ashida et al., 2004). Subsequent studies with tissue
microarrays  (TMAs)  and  antibodies  against  AMACR have  shown that  the  pro-
tein is expressed almost exclusively in malignant and pre-malignant cells (Rubin
et al., 2002; Luo et al., 2002; Jiang et al., 2001). Normal prostate cells located
near cancerous cells have shown higher expression of AMACR than normal cells
further away from malignant cells, suggesting a cancer field effect (Ananthana-
rayanan et al., 2005). The expression in these cells was, however, clearly weaker
than in HGPIN and prostate cancer.

The sensitivity and specificity of AMACR as a prostate cancer marker have
ranged between 79–100% and 82–100%, respectively (Jiang et al., 2001, 2002;
Beach et al., 2002; Rubin et al., 2002). Since there would be false positive and
false negative diagnoses when using AMACR on its own, supplementation by
staining with a basal cell marker is advised (reviewed by Evans, 2003). AMACR
expression does not seem to be affected by radiation treatment, and detection of
residual cancer post-radiation is as sensitive and specific as that of untreated
cancer (Yang et al., 2003).

AMACR staining is weaker in hormone-refractory prostate cancer than in un-
treated prostate cancer which led to the assumption that AMACR might be regu-
lated by androgens (Luo et al., 2002; Rubin et al., 2002). This is not the case,
however, as antiandrogen treatment of LNCaP cells had no effect on the expres-
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sion levels of the protein (Kuefer et al., 2002). This result was confirmed in stud-
ies using other cell lines, where neither androgen withdrawal (LAPC-4), nor an-
drogen stimulation (22Rv1 and LNCaP) had any effect on AMACR expression
(Zha et al., 2003). Another important finding by Zha et al., (2003), was that
siRNA-mediated knockdown of AMACR expression in LAPC-4 cells had a di-
rect negative effect on cell proliferation, arresting the cells in G2-M. This growth
inhibition was additive to the inhibitory effect of androgen ablation. The implica-
tions are that LAPC-4 cells are to some extent dependent on AMACR and that
the growth inhibition by AMACR knockdown is androgen-independent.

Enhancer of zeste homologue (Drosophila) 2 (EZH2)

Overexpression of enhancer of zeste homologue (Drosophila) 2 (EZH2) in local-
ised prostate cancer and prostate cancer metastasis compared to BPH and normal
prostate was discovered by microarray analysis and expression profiling of 74
samples (Varambally et al., 2002). The result was confirmed by Q-RT-PCR with
22 samples and IHC with 197 patients. Protein overexpression was associated
with recurrence in prostatectomy-treated patients and it was also a better predic-
tor of outcome than Gleason score, surgical margin status, tumour dimension, or
pre-operative PSA. Positive EZH2 immunostaining (staining intensity 3–4) com-
bined with a decreased (<4) ECAD (E-cadherin) staining intensity
(“EZH2:ECAD status positive”) has been shown to be statistically significantly
associated with disease recurrence (Rhodes et al., 2003).

EZH2 is essential for proliferation, as inhibition of EZH2 by siRNA has been
shown to result in a marked decrease in proliferation of the human papillomavi-
rus 18-immortalised prostate cell line, RWPE, and PC-3 prostate cancer cells,
with  cell-cycle  arrest  in  G2 (Varambally et al., 2002). An association between
EZH2 overexpression and increased proliferation rate in prostate cancer has been
shown by Bachmann et al. (2006). Forced overexpression of EZH2 has been
shown  to  change  the  expression  levels  of  a  defined  set  of  genes,  indicating  its
role in regulating gene expression (Varambally et al., 2002).

EZH2 is a polycomb group protein and the histone methyltransferase compo-
nent of polycomb repressive complexes 2, 3, and 4 (PRC2/3/4) (Kuzmichev et
al., 2004, 2005). These complexes play a crucial role in the maintenance of tran-
scriptional repression of Hox genes, in X-chromosome inactivation, and in stem
cell pluripotency (reviewed by Cao and Zhang, 2004). PRC2/3/4 methylate ly-
sine 27, and possibly lysine 9, on histone H3, and lysine 26 on histone H1d
(Kuzmichev et al., 2004, 2005). PRC2/3/4 is predominantly located in the nu-
cleus, as implicated by the substrate-specificities. Recently EZH2 has been de-
tected in complex also in the cytosol of T cells, primary mouse embryonic fibro-
blasts (MEFs), and human embryonic kidney (HEK-293) cells, and the complex
has been shown to have methyltransferase activity in vitro (Su et al., 2005). The
in vivo substrates,  if  any,  of  this  cytosolic  PRC  remain  unidentified.  However,
cytosolic Ezh2 has been shown to be necessary for TCR (T cell receptor) and
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PDGF (platelet derived growth factor) -mediated actin polymerization in murine
T cells and fibroblasts, respectively, as well as T cell activation and differentia-
tion (Su et al., 2005).

In addition to being overexpressed in (prostate) cancer, the substrate specific-
ity of EZH2 may be altered through PTEN inactivation. PTEN inactivates AKT,
which otherwise appears to phosphorylate EZH2, thus decreasing methylation of
the primary substrate of EZH2, H3K27 (Cha et al., 2005). Again, the preferred
substrate,  if  any,  of  the  phosphorylated  EZH2,  remains  unknown.  Since  phos-
phorylation of EZH2 does not alter the critical composition of the PRC complex,
it may well have targets relevant to tumorigenesis or metastasis.

EZH2 has also been shown to be overexpressed in other cancers and one pos-
sible explanation for the overexpression may be gene amplification. Amplifica-
tion of EZH2 has been shown in multiple primary cancers, including breast, lung,
bladder, and colon cancer (Bracken et al., 2003). The copy number of EZH2 was
elevated in approximately 15% of the cancer cases studied and the frequency
varied from 0–45% between cancers of different origin.

Profiling by clustering and meta-analysis

Many studies have shown that by applying hierarchical clustering to microarray
data, prostate cancer can be distinguished from normal samples and organ-
confined cancer from metastatic disease (Dhanasekaran et al., 2001; Luo et al.,
2001; Lapointe et al., 2004; Welsh et al., 2001; Vanaja et al., 2003). Further-
more, primary prostate cancer samples can be clustered into subtypes with dis-
tinct clinical properties even when the pathological determinants, such as Glea-
son score and tumour stage, are similar (Luo et al., 2002; Lapointe et al., 2004).
HGPIN lesions and adenocarcinoma share a number genes that are up- or down-
regulated compared to benign tissue, and the transition from the pre-neoplastic
lesion  HGPIN to  prostate  cancer  leads  to  changes  in  the  expression  of  specific
genes (Ashida et al., 2004). This supports the hypothesis that HGPIN is a precur-
sor of carcinoma. Glinsky et al. (2004) identified several molecular signatures
consisting of small clusters of genes (four to five genes), which were 88% accu-
rate in predicting which patients would progress within one year of radical
prostatectomy. The differences between gene expression patterns in healthy do-
nor prostates, prostate cancer, and normal prostate adjacent to prostate cancer
implied that histologically normal prostate tissue from cancer patients shares
many molecular characteristics of prostate cancer (Yu et al., 2004). The same
study identified a set of 70 genes that could be used to predict the aggressiveness
of cancer with high accuracy (93% sensitivity and 87% specificity). For com-
parison, the sensitivity and specificity of Gleason score were 37% and 88%, re-
spectively.

Since only few genes are selected for further studies from microarray studies,
a lot of potentially meaningful data are unreported. These data can be salvaged
from public microarray repositories and re-examined by independent investiga-
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tors. Several groups are now doing meta-analysis to compare microarray studies
and assess the validity and relevance of the original findings. Meta-analysis can
also be used to identify genes that have not been found important in individual
analyses because of small sample size and/or data filtering. Larger sample sizes
decrease the error rate of results and increase the statistical power of microarray
studies (Mukherjee et al., 2003). Meta-analysis can sometimes find completely
new  sets  of  significant  genes.  For  example,  a  pair  of  genes, HPN and STAT6
(signal transducer and activator of transcription 6), was identified by meta-
analysis of five microarray studies as a robust marker pair for distinguishing
primary prostate cancer from benign samples (Xu et al., 2005). A similar analy-
sis on the individual datasets produced different marker pairs whose performance
in separating cancers from benign samples was tested and found to be inferior to
the HPN/STAT6 pair.

Copy number analyses

Methods of genomic profiling of solid tumours have been limited due to difficul-
ties in obtaining good-quality metaphases for karyotypic analysis. The only
widely used method has been CGH, which unfortunately has a limited resolution
of about 5–10Mb (Kallioniemi et al., 1992; du Manoir et al., 1995). The general
idea of genomic profiling by microarrays was first published by Solinas-Toldo et
al., (1997). Since then, the variety of platforms has been widened to include
BAC/PAC/cosmid arrays, cDNA microarrays, oligo arrays, and SNP arrays
(Solinas-Toldo et al., 1997; Pinkel et al., 1998; Pollack et al., 1999; Snijders et
al., 2001; Lucito et al., 2003; Bignell et al., 2004; Barrett et al., 2004). SNP ar-
rays have also been used specifically for detection of LOH (Lindblad-Toh et al.,
2000; Dumur et al., 2003). The resolution of aCGH depends on the genomic
distribution, size, and number of the features on the array. Sub-megabase resolu-
tion has been reached with a tiling resolution DNA microarray constructed of
over 30,000 overlapping BAC clones (Ishkanian et al., 2004), and even higher
resolution may be possible within a few years with oligo arrays.

Clinical samples of untreated prostate cancer have been studied by genomic
microarrays consisting of BAC clones (Paris et al., 2003, 2004; van Dekken et
al., 2004). The most commonly found copy number alterations, such as losses of
6q, 8p, 13q, 16q, and 18q, and gains of chr 7 and 8q are supported by numerous
CGH studies of prostate cancer samples (e.g. Visakorpi et al., 1995b; Alers et
al., 2000; El Gedaily et al., 2001; Nupponen et al., 1998b). Novel recurrent aber-
rations have also been identified, for example gains of 2p25 and 11p15.4 (Paris
et al., 2004).

Analogously to gene expression profiling, a comparison of aCGH profiles
from 32 primary prostate tumours that never progressed and 32 tumours that did,
showed several chromosomal regions whose copy number alterations could be
used to distinguish the two groups (Paris et al., 2004). Approximately 40 loci
that were seldom (<20%) altered in the non-progressors but often (20–45%) in



29

the tumours that did progress, were found. 20–90% of metastatic samples had
gain in these same loci. For example, a gain in distal 13q was seen far more often
in the non-progressors than in the tumours that eventually recurred. Gain at
11q13.1 predicted progression independent of other clinical parameters and a
small deletion in 8p23.2 was associated with advanced stage.

The heterogeneity of prostate cancer has been addressed by comparing aCGH
profiles of paired Gleason grade 3 and 4 samples from ten patients with organ
confined prostate cancer of Gleason score 7 (van Dekken et al., 2004). The sam-
ples were not from separate foci, but from large lesions containing areas of dif-
fering Gleason grades. Losses were more often shared by the paired samples than
gains (46% vs. 13%), indicating that losses occur earlier in prostate cancer de-
velopment than gains. However, the majority of differences between the Gleason
grades were single BAC copy number alterations, which may well be due to poor
quality hybridisation and/or mismapped clones.

The superior resolution of aCGH compared to CGH has enabled the identifi-
cation of smaller regions of copy number alterations, as has been demonstrated
by comparing the aCGH profiles of 20 prostate tumours to CGH profiles of the
same tumours (Paris et al., 2003). On the whole, the profiles were 90% concor-
dant, although the aCGH found more small aberrations than CGH. High-
resolution aCGH analyses of chromosome arms 8q, 10q, and 16q have confirmed
and refined frequent CNAs as discussed earlier (van Duin et al., 2005b; Hermans
et al., 2004; Watson et al., 2004).

The prostate cancer cell lines PC-3, LNCaP, DU145, and 22Rv1 have been
profiled by several groups with aCGH on a cDNA platform (Clark et al., 2003;
Wolf et al., 2004; Zhao et al., 2005). The profiles have revealed some genomic
alterations that had not been identified by CGH. For example, Clark et al. (2003)
found a homozygous deletion of about 500kb in 17q21.31 of PC-3, and Wolf et
al. (2004) were able to define the breakpoints of two distinct regions of amplifi-
cation, 1q24.2-25.1 and 1q32.1 of PC-3, that flanked a deletion. When aCGH
results were compared to CGH data, the concordance was found to be 92% for
gains and 82% for losses (Wolf et al., 2004). The chromosome arm 8q of PC-3
has been profiled with an 8q-specific BAC array, and the high-resolution of the
array allowed the identification of a small, 0.6Mb, single copy loss at 8q22.2
(three copies of locus, four of centromere) (van Duin et al., 2005a). This loss
was also visible in the aCGH profile by Zhao et al., (2005), but not in the pro-
files by Wolf et al., (2004) and Clark et al., (2003). The 8q-array has also been
used to profile 8q of DU145, which, as expected, had a simple gain, and LNCaP,
which had no copy number alterations relative to the rest of its near-tetraploid
genome (van Duin et al., 2005b).

Loss  of  heterozygosity  in  clinical  prostate  cancers  has  been  studied  with  a
SNP array and a selected set of P1, BAC, and PAC clones (Dumur et al., 2003;
Yano et al., 2004). The concordance with CGH or LOH analysis by microsatel-
lite markers was high, indicating that microarrays are suitable also for detection
of LOH.
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AIMS OF THE STUDY

The  general  aim  of  this  thesis  was  to  assess  the  frequency  and  significance  of
genomic copy number alterations in prostate cancer. Specifically, the aims of this
thesis were:

1. to determine whether HIF1A and EZH2 genes are amplified in prostate can-
cer;

2. to evaluate the amplification frequencies of EIF3S3 and MYC genes in pros-
tate cancer;

3. to  assess  the  prognostic  significance  of EIF3S3 and EZH2 gene amplifica-
tions;

4. to screen prostate cancer cell lines and xenografts for amplified and overex-
pressed, as well as deleted and underexpressed, genes; and

5. to identify (novel) regions of recurrent genomic copy number aberrations in
prostate cancer.
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MATERIALS AND METHODS

Cell lines and xenografts [I, III, IV]

The prostate cancer cell lines LNCaP, DU145, PC-3, 22Rv1, and NCI-H660
were obtained from American Type Culture Collection (ATCC, Rockville, MD,
USA)  (studies  I,  III,  and  IV).  Dr.  Charles  Sawyers  (Jonsson  Cancer  Center,
UCLA, Los Angeles, USA) kindly provided the prostate cancer cell line LAPC-4
for study IV. Tsu-Pr and JCA-1, derivatives of the bladder cancer cell line T24
and previously thought to be distinct prostate cancer cell lines (van Bokhoven et
al, 2001), were kindly provided by Dr. U. Bergerheim (Karolinska Institut,
Stockholm, Sweden) (study I). The cell lines were grown in recommended me-
dia. Interphase and metaphase spreads were prepared following standard labora-
tory protocols. Genomic DNA was extracted and purified according to routine
laboratory  protocols  and  total  RNA  was  extracted  with  the  TRIZol-reagent
(Invitrogen Life Technologies, Carlsbad, CA, USA), following the manufac-
turer’s protocols.

Material from 17 prostate cancer xenografts (LuCaPs 23.1, 23.8, 23.12, 35,
35V, 41, 49, 58, 69, 70, 73, 77, 86.2, 93, 96, 105, and 115), was made available
by Dr. Robert Vessella (Department of Urology, University of Washington, Seat-
tle, WA, USA) and used in studies III and IV. Genomic DNA and total RNA of
the xenografts were extracted from snap frozen pieces of tissue. DNA extraction
was done with the DNAzol reagent following the manufacturer’s protocol (Mo-
lecular Research Center, Inc. Cincinnati, OH, USA) and RNA was isolated with
the Tri-Pure reagent and protocol (Roche Diagnostics, Mannheim, Germany). 5
µm sections were cut from snap frozen tissue blocks for FISH analysis.

Clinical tumour specimens [I, II, III]

The clinical samples used in studies I, II, and III are summarised in Table 1. The
material was used with consent of the patients and with the approvals of the ethi-
cal committee of the Tampere University Hospital and the National Authority for
Medicolegal Affairs (TEO).
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Paraffin-embedded samples of 21 (7+14) benign prostatic hyperplasia (BPH),
221 primary untreated prostate carcinomas, and 146 locally recurrent hormone-
refractory prostate cancers were obtained from the Tampere University Hospital.
Tissue microarrays were constructed of the cancer samples according to pub-
lished guidelines (Kononen et al., 1998). The BPH samples were used in studies
I and III, and subsets of the cancer samples in studies I, II, and III.

Fifty-four paraffin-embedded untreated pelvic lymph node metastases from
patients operated at Lund University Hospital were provided by Dr. Ola Bratt
(Department of Surgery, Helsingborg Hospital, Helsingborg, Sweden). Tissue
microarrays of the samples were used in studies I and II.

Two tissue microarrays containing a total of 559 prostate samples were pro-
vided by Dr. Lukas Bubendorf (Institute for Pathology, University of Basel,
Basel, Switzerland). The first array was used together with the samples from the
Lund University Hospital and some of the samples from the Tampere University
Hospital to study the frequency of EIF3S3 and MYC copy number alterations in
different stages of prostatic disease (study II). It contained 21 BPH, 42 PIN, 85
radical prostatectomy specimens, 20 Tru-cut needle biopsies of T3/T4 prostate
tumours, 95 locally recurrent hormone-refractory tumours, and 39 hormone-
refractory distant metastases. The second array, which was used for the assess-
ment  of  the  prognostic  utility  of  the  copy  number  status  of EIF3S3, contained
145 radical prostatectomy samples and 112 incidentally found stage pT1a/b pros-
tate cancers.

Table 1. Summary of clinical samples used in the studies
HIF1A EIF3S3 EZH2

Type of sample Group I Group II Group III IHC 6 FISH 6

Q-RT-
PCR

BPH 1 7 21 14 9

HGPIN 2 42

Prostatectomy/TURP 3:

pT1/pT2 35 183 112 103 76 27
pT3/pT4 17 20

145 7

61 45
Lymph node metastases 37 54
Locally recurrent HR 4 28 95 49 46 12

HR 4 metastases 39

Prostatectomy/TURP 3:

Gleason score 5 <7 115 80 100 57 42
=7 81 60
>7 78 21 33 24 19

not known 4 2
1 benign prostatic hyperplasia; 2 high-grade prostatic intraepithelial neoplasia; 3 transurethral resection of the prostate; 4

hormone-refractory; 5 Gleason scores of successfully hybridised samples; 6 number of successfully hybridised/stained
samples; 7radical prostatectomies, pT-stage unknown for 38.
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Freshly frozen samples of 9 benign prostatic hyperplasia, 27 untreated primary
prostate cancers, and 12 locally recurrent hormone-refractory prostate cancers
were obtained from the Tampere University Hospital. Total RNA was extracted
from the samples as described and used in study III (Linja et al., 2001).

Fluorescence in situ hybridisation (FISH) [I, II, III, IV]

Locus-specific BAC and PAC probes were labelled with digoxigenin-dUTP
(Roche) or AlexaFluor 594 (Molecular Probes, Eugene, OR, USA) by nick trans-
lation. Centromeric probes, which were used as reference, were labelled with
fluorescein isothiocyanate (FITC)-dUTP (Roche). Table 2 lists the probes.

The interphase and metaphase slides, and Carnoy-fixed (3:1 methanol:acetic
acid glacial; 50%, 75%, 2×100%, 2 min each) frozen sections of the xenografts
were denatured in 70% formamide/2×SSC for 2–3 min, followed by dehydration
in an ascending ethanol series (70%, 85%, 100%, 2 min each) and air-drying.
The probes were denatured in the hybridisation mix containing 50% forma-
mide/2×SSC for 5 min at 75°C and applied to the slides. After hybridisation in a
humid chamber for 1 to 3 days at 37°C, the slides were washed in 0.4×SSC/0.3%
NP-40 at 72°C,  2×SSC/0.1% NP-40, at room temperature, and 2×SSC, stained
with anti-digoxigenin-rhodamine (Roche), and counterstained with 0.1 M 4,6-
diamidino-2-phenylindole (DAPI) in an antifade solution (Vectashield, Vector
Laboratories, Burlingame, CA, USA).

Table 2. FISH probes used in the analyses

Gene/locus clone Accession no(s) label

EZH2 RP5-1151M5 AC006323 digoxigenin

EIF3S3 RPCI1-49K5 digoxigenin
MYC RMC08P001 digoxigenin

HIF1A RPCI1-106C2 digoxigenin, AlexaFluor 594
9p13.3 RP11-165H19 AQ382511, AQ415409 digoxigenin

cen1 pUC177 FITC
cen7 p7alphaTET FITC

cen8 pJM128 FITC
cen9 pHUR98 FITC

RAD21 CTD-3071K10 AC104391 digoxigenin
KIAA0196 RP11-300I14 AF216671 digoxigenin

TCEB1 RP11-367E12 AC022868 digoxigenin
14q23–24 RMC14POO5 digoxigenin
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For  FISH on  the  TMAs,  deparaffinised  slides  were  pre-treated  in  1  M NaSCN
for 10 min at 80°C. The slides were then rinsed in H2O and incubated in 3.25 or
4 mg/ml pepsin (Sigma-Aldrich Co., St. Louis, MO, USA) in 0.9% NaCl (pH
1.5) for 8 min, followed by washes in 2×SSC, and dehydration. The hybridisa-
tion mix containing the probes and Human CotI DNA (Roche) was applied to the
slides and co-denatured on an 80°C water bath for 8–10 min. Hybridisation was
carried out in a humid chamber for 2 to 3 days at 37°C, after which the slides
were stringently washed in 50% formamide/2×SSC at 45°C, stained with anti-
digoxigenin-rhodamine or anti-digoxigenin-FITC (Roche), and counterstained.

The probe signals from non-overlapping nuclei were scored with an Olympus
BX50 epifluorescence microscope (Tokyo, Japan). The definitions of amplifica-
tion varied slightly. The presence of three or four copies of the gene in question
was  scored  as  a  gain  (HIF1A and EZH2)  or  a  low-level  amplification  (EIF3S3
and MYC, from now on called a gain). EIF3S3 and MYC were considered am-
plified if more than 5 copies of the gene were detected. For EZH2, two catego-
ries of amplification were defined. A minimum of five copies of the gene was
considered an amplification, and a gene/centromere ratio ≥2 indicated a high-
level amplification. Otherwise, the amplification was considered a low-level am-
plification.

cDNA microarrays [IV]

cDNA microarrays were used to screen for amplified and overexpressed genes in
prostate cancer cell lines and xenografts. The slides were obtained from the Fin-
nish Microarray Consortium (http://www.microarrays.btk.utu.fi,  University  of
Turku and Åbo Akademi University, Turku, Finland) and contained, in dupli-
cate, approximately 16,000 annotated clones from the sequence verified
I.M.A.G.E. Consortium cDNA library. Chromosomal locations of the genes rep-
resented  by  the  clones  were  retrieved  from  the  UCSC  website
(http://hgdownload.cse.ucsc.edu/goldenPath/hg16/database/, July 2003 freeze).
The slides were pre-treated with succinic-anhydride according to the slide manu-
facturer’s protocols.

Array comparative genomic hybridisation

Genomic DNA from the cell lines LNCaP, DU145, PC-3, LAPC-4, and 22Rv1
as well as 13 xenografts (LuCaPs 23.1, 35, 49, 58, 69, 70, 73, 77, 86.2, 93, 96,
105, and 115) were restriction-digested with RsaI (Fermentas UAB, Vilnius,
Lithuania). 2–10 µg of digested and phenol:chloroform:isoamyl alcohol (P:C:I)
purified DNA was labelled with Cy5-dCTP (Amersham Biosciences UK Ltd.,
Little Chalfont, United Kingdom) as described by Pollack et al. (1999). RsaI-

http://www.microarrays.btk.utu.fi,
http://hgdownload.cse.ucsc.edu/goldenPath/hg16/database/,
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digested and P:C:I purified normal male DNA, extracted from peripheral blood
lymphocytes, was labelled with Cy3-dCTP (Amersham) and used as reference.

The labelled sample and reference DNAs were concentrated with Microcon
columns (Millipore, Billerica, MA, USA), and co-hybridised under cover slips to
the  cDNA microarrays  in  a  humid  chamber  o/n  at  +65°C.  The  final  volume of
38.5 µl of hybridisation mix contained 3.4×SSC, 0.3% SDS, 1.3×Denhardt’s
(Sigma-Aldrich, St. Louis, MO, USA), and 0.5×DIG Blocking Buffer (Roche).
After stringent washes, the slides were scanned with ScanArray4000 confocal
laser scanner (Perkin Elmer, Boston, MA, USA).

Expression arrays

30 µg of total RNA from the cell lines LNCaP, DU145, PC-3, and LAPC-4 as
well as from 7 xenografts (LuCaPs 35, 49, 58, 73, 77, 86.2, and 105) were la-
belled with Cy3-dUTP (Amersham) by oligo dT-primed SuperScriptII reverse
transcriptase (Invitrogen) according to the slide manufacturer’s protocols. A
mixture  of  LNCaP  total  RNA  and  Human  Universal  Reference  Total  RNA
(60/40,  BD Biosciences  Clontech,  Palo  Alto,  CA,  USA)  was  similarly  labelled
with Cy5-dUTP (Amersham) and used as reference in the hybridisation. The
LNCaP RNA was used in the mixture to ensure sufficient signals on the control
channel for genes expressed in the prostate. The hybridisation was carried out as
for the aCGH.

Data processing

Visually identified bad spots were flagged and the signal intensities of the spots
were quantitated with QuantArray software (Packard BioScience, Billerica, MA,
USA). Kensington Discovery Edition 1.8 (InforSense, London, United King-
dom) was used for further data processing. The raw data was filtered to exclude
the bad spots, as well as spots with the weakest signal intensities (<3.0 arbitrary
units) or with greater local background than spot intensity in either channel. The
sample to control signal ratio values were calculated and log2 transformed. Nor-
malisation was done sub-arraywise to the median value. Mean log2 ratios from
clones that showed adequate signals in both duplicate spots were calculated and
used in the analyses. Lowess curves of individual chromosomes were created
and plotted in a whole genome plot from the averaged log2 ratios with GraphPad
Prism  4.00  for  Windows  (GraphPad  Software  Inc.  San  Diego,  CA,  USA).  To
pinpoint regions of gains and losses, cut-off values for Lowess curves for each
hybridisation were defined as mean ±0.5×SD  of  the  log2 ratio values (Clark et
al., 2003). The regions showing gain or deletion by the Lowess curves were ana-
lysed in more detail. Only regions where four or more adjacent clones showed
log2 ratio values beyond the cut-off values, and regions with six adjacent clones
with one clone showing log2 ratio within the cut-offs were ultimately defined
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altered. Chromosome Y was excluded from the analyses due to scarcity of clones
from chr Y on the array.

Quantitative reverse transcription polymerase chain
reaction (Q-RT-PCR) [III, IV]

mRNA expression was studied with quantitative reverse transcription PCR. The
LC FastStart DNA SYBR Green I Kit (Roche) and the LC-FastStart DNA Mas-
ter Hybridization Probes Kit for LightCycler (Roche) were used according to
previously published guidelines (Linja et al., 2001, 2004). The primer and probe
sequences are listed in Table 3. The primers were designed for different exons to
avoid amplification from genomic contamination.

A mixture of LNCaP/Universal Total Human RNA (60/40, Clontech) or
Normal Human Prostate RNA (BD Biosciences Clontech, Mountain View, CA,
USA) was used to create the standard curve for the analysis. The expression val-
ues obtained were normalised to the expression values of the housekeeping gene
TATA-box Binding Protein (TBP). With the SYBR Green Kit, a melting curve
analysis and a 1% agarose gel were run to ensure that only the correct size prod-
uct had been amplified.

Table 3. Primer and probe sequences for Q-RT-PCR

Gene Primer sequences (5'–3') Hybridisation probe sequences (5'–3')

EZH2 TCTATTGCTGGCACCATCTG

TGCATCCACCACAAAATCAT

BM009 TGGCAAATCGAATGTCTTTG
ACACCCACCATTACCCTCAA

KIAA0196 ATCGCTCAGTTGCCAAAACT
CTGGCTTGTACACTGCTCCA

EXT1 CATCCTGGAGGATTGTTCGT
GGCTGCTCATAACCTTGCTC

RAD21 GAGGCCAGCAGAACAAACAT
TGCTGAGTCCTTTTGTTCCA

TCEB1 ACCTATGGTGGCTGTGAAGG
AGGTGCAATTGGGAATTCAG

EIF3S3 GCCCAGGCTCTTCAAGAATAC GCTGAATCTCCCGAGCCGCCTTT–Fluorescein
ATAGCCAAAATCGGCAATGA Red640–CCTTTGCCTTTCCCTGCTGCGC

TBP GAATATAATCCCAAGCGGTTTG TTTCCCAGAACTGAAAATCAGTGCC–Fluorescein
ACTTCACATCACAGCTCCCC Red640–TGGTTCGTGGCTCTCTTATCCTCATG
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Immunohistochemistry (IHC) [III]

Immunohistochemistry with two rabbit polyclonal antibodies against EZH2 was
done  on  TMAs  and  routine  sections  of  14  BPH  samples.  One  antibody  recog-
nised the internal region of EZH2 (1:1000 dilution, Zymed Laboratories, South
San Francisco, CA, USA), while the other recognised the N-terminus of the
EZH2 protein (1:100 dilution, Abgent, San Diego, CA, USA).

The sections were deparaffinized and the antigens were retrieved by auto-
clave cooking at 121°C for 2 minutes in 10 mmol/L of sodium citrate buffer, pH
6.0. PowerVision+TM Poly-HRP IHC Detection Kit (ImmunoVision Technolo-
gies Corporation, Brisbane, CA, USA) was used for antibody visualisation. The
sections were counterstained with hematoxylin and the nuclear staining was
evaluated on a scale from 0 to 3 (0=no staining, 1= weak staining, 2=moderate
staining, 3=strong staining).

Statistical analyses [II, III, IV]

The association of gene amplifications of EIF3S3 and EZH2 with clinicopa-
thologic variables, such as clinical stage and Gleason score, were tested with χ2

test. Fisher’s exact test was used to test the association between EZH2 amplifica-
tion  and  EZH2  protein  expression.  The  significance  of  differences  in EZH2
mRNA expression between BPH, untreated prostate cancer, and hormone-
refractory disease were shown with Kruskal-Wallis test.

Survival analysis was done with Kaplan-Meier method together with Wil-
coxon rank test or Mantel-Cox and Breslow tests.

The association of global gene expression and DNA sequence copy number
was tested by variance analysis. Mann-Whitney-U test was used for testing the
association between copy number and expression level of individual genes. The
concordance of cDNA microarray and Q-RT-PCR results was tested with Spear-
man rank test. aCGH and CGH were compared with κ-statistics.
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RESULTS

Analyses of HIF1A, EIF3S3, and EZH2

Copy numbers of HIF1A, EIF3S3, MYC, and EZH2 were studied by FISH on
TMAs of clinical samples. FISH was also used for copy number analyses on
metaphase spreads of the cell lines and on freshly frozen sections of the xeno-
grafts. The expression of EZH2 was studied by Q-RT-PCR and IHC.

Copy numbers in cell lines and xenografts

The copy number of HIF1A was studied in five cell lines. The prostate cancer
cell lines DU145, LNCaP, and NCI-H660 all had four copies of HIF1A, whereas
the prostate cancer cell line PC-3 had a high-level amplification with 10–30 cop-
ies of the gene. Both T24 derivatives (TsuPr-1 and JCA-1) showed three copies
of HIF1A.

EZH2 was studied in four cell lines and ten prostate cancer xenografts. Three
copies of EZH2 were seen in DU145, PC-3, and 22Rv1, while LNCaP had four
copies of the gene. Eight of the xenografts had an increased copy number of the
gene: gain (3-4 copies) was observed in LuCaPs 23.1, 35, and 70, amplifications
(  5 copies) in 23.8, 23.12, 41, 58, and 69. LuCaP41 had the only high-level am-
plification (  5 copies and a gene to centromere ratio  2), 8–10 copies. Lu-
CaP49 and LuCaP73 had two copies of EZH2.

Copy numbers in clinical samples

The results of the most important copy number analyses of the clinical samples
are summarised in Table 4.

All seven BPHs hybridised with the probe containing the HIF1A gene
showed two copies of the gene. No amplifications of HIF1A were found in a
total of 117 prostate cancers, but 42 (36%) samples showed increased copy num-
ber.  The gains were equally distributed among all  the samples of untreated pri-
mary prostate cancers, untreated lymph node metastases and locally recurrent
hormone-refractory cancers.
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Table 4. Summary of FISH analyses
HIF1A EIF3S3 EZH2

amplifications

normal gain normal gain amplification p-value 5 loss normal gain low-level high-level p-value 5

BPH 1 7/7 0/7 19/19 0/19 0/19

HGPIN 2 36/36 0/36 0/36

Untreated primary CaP 3:

pT1/pT2 74/125 40/125 11/125 1/76 9 56/76 18/76 1/76 0/76
pT3/pT4

33/52 7 19/52 7

18/44 14/44 12/44 0/45 30/45 15/45 0/45 0/45
Lymph node metastases 23/37 14/37 10/37 19/37 8/37

HR 4, local 19/28 9/28 20/78 32/78 26/78 0/46 21/46 15/46 7/46 3/46 11 <0.0001 12

HR 4 metastases 4/30 11/30 15/30 <0.001

Gleason score 6  <7 0/42 35/42 7/42 0/42 0/42

=7
79/115 8 31/115 8 5/115 8

 1/60 9 40/60 18/60 1/60 10 0/60
>7 22/78 33/78 23/78 <0.001 0/19 12/19 7/19 0/19 0/19 0.1464

1 benign prostatic hyperplasia; 2 high-grade prostatic intraepithelial neoplasia; 3 carcinoma of the prostate; 4 hormone refractory; 5 χ2 test; 6 Gleason scores from untreated primary prostate cancer samples; 7 pT1/2 and

pT3/4 samples grouped; 8 Gleason score 7 grouped together for analysis; 9 grouped with “normal” in analyses; 10 grouped with “gain” in analysis; 11 grouped with “low-level amplification” in analysis; 12 pT1/pT2

and pT3/pT4 grouped together for analysis, difference between untreated primary prostate cancer and locally recurrent hormone-refractory prostate cancer.
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In the set of prostate samples that was used to assess the amplification frequency
of EIF3S3 in  different  stages  of  prostatic  disease,  all  19  non-malignant  (BPH)
and 36 pre-malignant (PIN) prostate samples contained a normal copy number of
EIF3S3. Gains (3-4 copies) were found in 32% untreated (T1/2) prostate cancer
specimens, 32% locally advanced (T3/4) hormone-naïve tumours, 51% untreated
lymph node metastases, 41% locally recurrent hormone-refractory carcinomas,
and 37% hormone-refractory metastases. The gene was amplified in 9%
prostatectomy samples, 27% locally advanced tumours, 22% lymph node metas-
tases, 33% local, and 50% metastatic hormone-refractory prostate carcinomas.
The gene amplification was statistically significantly associated with advanced
stage of the disease (p<0.001, χ2 test).

In the sample set used to study the prognostic utility of EIF3S3 amplification
in incidentally found prostate cancer, gains were found in 26% and amplifica-
tions in 5.7% of the T1a/b tumours studied. In the prostatectomy samples used
for evaluating the prognostic value of EIF3S3 alterations, 22% and 8.1% of sam-
ples contained gains and amplifications, respectively. EIF3S3 and MYC were co-
amplified in 68/461 (15%) prostate cancer samples and gained in 157/461 (34%).
One sample had an amplification of EIF3S3 with  only  two  copies  of MYC,
whereas MYC was never amplified without additional copies of EIF3S3.

One low-level amplification and 33 gains of EZH2 were detected in 125 un-
treated primary prostate cancers. One untreated sample had only one copy of the
gene. Fifteen gains, seven low-level amplifications and three high-level amplifi-
cations were found in 46 locally recurrent hormone-refractory prostate cancers.
The frequency of increased copy number was significantly higher in the recur-
rent tumours (p<0.0001, χ2 test).

Expression of EZH2

EZH2 mRNA expression was studied in 48 fresh clinical samples and was sig-
nificantly higher in hormone-refractory carcinomas than untreated carcinomas
and BPH (p=0.0009, Kruskal-Wallis test). The cell lines DU145, LNCaP, PC-3,
and 22Rv1 expressed nearly equal amounts of EZH2. LuCaP41 had the highest
EZH2 expression of the xenografts.

Immunohistochemical analysis of EZH2 was done on TMAs and on 14 BPH
samples. Both antibodies stained mainly the nuclear compartment. However, in
some samples, also cytoplasmic staining was seen with the antibody against the
N-terminus of EZH2 (Abgent). The EZH2 staining in all BPH samples was mod-
erate or strong. The cancer specimens showed heterogeneous nuclear staining,
which was stronger in the hormone-refractory tumours than in the untreated tu-
mours with both antibodies (p=0.1003 (Zymed), p=0.0021 (Abgent), χ2 test).
The protein expression was associated with high-level amplification of EZH2
(p=0.0283 and p=0.0045, Fischer’s exact test), but not with Gleason score
(p=0.1201, p=0.515, χ2 test) or pT-stage (p=0.0554, p=0.1804, χ2 test).
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Survival analyses

Kaplan-Meier survival analyses showed that the amplification of EIF3S3 is asso-
ciated with poor disease-specific survival of patients with incidentally found
prostate cancer (p=0.023). Progression-free survival of prostatectomy-treated
patients with EIF3S3 amplification was not statistically significantly poorer than
that of patients without the gene amplification.

The gain of 7q/EZH2 was not statistically significantly associated with dis-
ease recurrence. No difference was seen in progression-free survival between
groups expressing higher (staining intensity 2–3) or lower (intensity 0–1) levels
of EZH2 protein.

Array-CGH

aCGH was done with five prostate cancer cell lines and thirteen prostate cancer
xenografts. A normal female vs. normal male hybridisation was done to control
the hybridisation conditions. The control hybridisation distinguished the X-
chromosomal genes from autosomal genes. The mean (±SD) log2 ratio was
0.0027 (±0.155) for autosomal genes and -0.3 (±0.220) for X-chromosomal
genes. The difference was highly significant (p<0.0001, unpaired t-test).

The most common gains were found in chromosome arms 1q (44%), 7p
(33%), 8q (67%), 9p/q (39%), 14q (39%), 16p (44%), and 17q (39%), and the
most common losses were in 2q (44%), 4p/q (44%), 6q (44%), 8p (61%), 13q
(66%), 16q (44%), 17p (39%), 18q (50%), and 22q (56%). The minimal regions
of the most commonly (found in >30% of cases) gains were: 1q21.2–23.1,
1q24.2–q25.1, 7p22, 7q36.1, 8q13.3–q21.11, 8q22.3, 8q24.13–qter, 9p13.3,
9p13.1–q21.11, 14q32.3, 16p13.3, 16p12.2–p11.2, 17q23.2, and 17q25.3. The
minimal regions of most common losses were: 2q14.2–q14.3, 2q21.3–q32.1,
2q37.3, 4p16, 4p15.1–p14, 4q25–q27, 4q28.2–q31.1, 4q32.3–q34.1, 4q35.1,
6q13, 6q15–16.1, 6q21, 6q25.2, 8p21.2, 13q12.11, 13q14.13, 13q32.1, 16q12.1–
q12.2, 16q22.1, 16q23.1–q24.1, 17p13.3, 18q12.1, 18q21.33, 18q23, and
22q11.21. All alterations are depicted in Fig 1.

Ten aCGH-profiles were compared with published CGH profiles of the same
samples (Laitinen et al., 2002; Nupponen et al., 1998a). At 850 chromosome
band resolution, the agreement between the two methods in identifying copy
number  alterations  was  88%  (κ=0.54) for all aberrations, 91% (κ=0.57) for
gains, and 86% (κ=0.52) for losses. aCGH identified some small amplicons and
deletions that were missed by CGH. In addition, some large copy number altera-
tions detected by CGH were seen as two or more separate aberrations in the
aCGH profiles. Some of the whole chromosome arm copy number changes seen
in the CGH profiles were missed by aCGH.
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Figure 1. Copy number alterations detected in 5 cell lines and 13 xenografts by
array-CGH. The lines on the left of each chromosome ideogram represent losses
and the lines on the right represent gains.
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The copy numbers of EIF3S3, RAD21, KIAA0196, MYC, and TCEB1, as well as
the BAC clone RP11-165H19 (at 9p13.3), were studied by FISH in LuCaP35 to
confirm the aCGH results. EIF3S3 and RAD21 were present in two copies, while
TCEB1 and RP11-165H19 showed more than ten signals. KIAA0196 and MYC
were seen in tight clusters of uncountable signals.

cDNA microarray

Expression of approximately 12,000 genes was studied by cDNA microarray
analysis of PC-3, LNCaP, DU145, and LAPC4, and seven xenografts (LuCaPs
35, 49, 58, 73, 77, 86.2, and 105) to study the association of gene copy number
and gene expression. The genome-wide expression levels of the genes were sig-
nificantly  associated   with  the  copy numbers  of  the  genes  (p<0.0001, ANOVA
and χ2 test,  Table  5).  The  association  was  also  evident  by  visual  inspection  of
expression and copy number profiles, which were surprisingly similar.

The association of expression of individual genes and copy number of the
chromosomal loci harbouring the genes was analysed. From a list of genes of the
10% most and least expressed in each sample, the ones that were located in the
minimal regions of the most common (found in >30% of cases) gains and losses
were picked. The proportion of samples with concomitant overexpression and
gain of a gene to the total number of samples with gain of the gene was calcu-
lated (samples with gain and overexpression / samples with gain). The same was
done for the samples with concomitant underexpression and loss. Genes with a
proportion of >0.4 were picked and Mann-Whitney-U test was used to test the
association between log2 ratio expression values and copy number status of the
loci.  32  of  the  selected  genes  showed  significant  (p<0.05) association between
copy number status and expression, 22 of these were up, and 10 down. The genes
whose expression correlated significantly with their copy number status are
listed in Table 6.

Table 5. Correlation of gene copy number and gene expression

Gene copy number

Deleted Normal
Gained/

amplified Total

Underexpressed 2.0 % 7.0 % 1.0 % 10 %

Normal 13.2 % 56.9 % 9.9 % 80 %
Gene

expression
Overexpressed 1.2 % 6.9 % 1.9 % 10 %

Total 16.4 % 70.8 % 12.8 % 100 %
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1 Mann-Whitney U test

Table 6. Genes whose expression correlated with copy number status

GenBank
Accession no Gene name

Official Gene
Symbol

Chromosome
band p-value 1

Gained and overexpressed

AA775828 pogo transposable element with ZNF
domain POGZ 1q21.3 0.0043

AA186895 HBxAg transactivated protein 2 BAT2D1 1q24.3 0.0043
AA719064 EST na 16p11.2 0.0061
AA434435 ubiquitin-conjugating enzyme E2R 2 UBE2R2 9p13.3 0.0061
R98205 KIAA1892 protein WDR40A 9p13.3 0.0061
R88741 retinoblastoma binding protein 6 RBBP6 16p12.1 0.0087
N36176 chromosome 1 open reading frame 9 na 1q24.3 0.0087
AA704613 EST na 16p11.2 0.0095
AA449463 EST na 16p12.2 0.0118
AA167728 CD27-binding (Siva) protein na 14q32.33 0.0121
AA156461 pituitary tumour-transforming 1 interact-

ing protein PTTG1IP 21q22.3 0.0121
AI038391 breast carcinoma amplified sequence 3 BCAS3 17q23.2 0.0159
AI371514 DKFZP564O0463 protein na 8q22.3 0.0167
T68333 frizzled homolog 6 (Drosophila) FZD6 8q22.3 0.0242
AA291486 PTK2 protein tyrosine kinase 2 PTK2 8q24.3 0.0303
T65790 farnesyl diphosphate synthase FDPS 1q22 0.0303
AA629849 Siah-interacting protein CACYBP 1q25.1 0.0317
AA887530 regulator of G-protein signalling 11 RGS11 16p13.3 0.0381
AA070434 KIAA0683 gene product na 16p13.3 0.0381
AI017242 dynactin 3 (p22) DCTN3 9p13.3 0.0424
AA706041 RAB GTPase binding effector protein 2 RABEP2 16p11.2 0.0424
AA487588 ATPase, H+ transporting, lysosomal inter-

acting protein 1
ATP6IP1 Xq28 0.0424

Deleted and underexpressed

W73004 integrin, alpha 4 ITGA4 2q31.3 0.0121
R38669 tumour necrosis factor receptor super-

family, member 10b TNFRSF10B 8p21.3 0.0121
H73591 cytochrome b5 outer mitochondrial mem-

brane precursor na 16q22.1 0.0173
AA156571 alanyl-tRNA synthetase AARS 16q22.1 0.0173
AA448641 E2F transcription factor 4, p107/p130-

binding E2F4 16q22.1 0.0173
AI016999 catechol-O-methyltransferase COMT 22q11.2 0.0238
H17943 ring finger protein 4 RNF4 4p16.3 0.0242
AA196638 KIAA0853 protein KIAA0853 13q14.13 0.0381
AA485676 SH3 domain containing ring finger SH3MD2 4q32.3–33 0.0424
W42849 amyloid beta (A4) precursor protein APP 21q21 0.0424
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The expression of TCEB1, EIF3S3, RAD21, EXT1, KIAA0196, and BM009 was
measured by Q-RT-PCR to evaluate the reliability of the microarrays for expres-
sion analyses. The correlation coefficients (Spearman rank correlation) ranged
from 0.3273 to 0.8000.
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DISCUSSION

Copy numbers of HIF1A, EIF3S3, and EZH2

Overexpression of HIF1A has been reported in the majority of prostate tumours
and HGPIN (Zhong et al., 1999, 2004). Since the region harbouring the gene for
HIF1A is amplified in PC-3 according to CGH, and the protein is also constitu-
tively expressed, it was of interest to see whether its amplification is a common
phenomenon and perhaps the cause of the observed overexpression (Nupponen
et al., 1998a; Zhong et al., 1998). The high-level amplification of HIF1A found
in PC-3 by FISH is supported also by the aCGH-profiles of chr 14 of the cell line
(Wolf et al., 2003; Clark et al., 2003; Zhao et al., 2005). The aCGH profile cre-
ated in study IV also corroborates the high-level amplification at the HIF1A lo-
cus. In addition, the localisation of the signals to several different derivative
chromosomes is supported by SKY data on the cell line (Pan et al., 1999). Al-
though HIF1A is  amplified  and  overexpressed  in  PC-3,  it  may  not  be  the  only
target gene of the amplification at 14q12-24, as the amplicon is about 48Mb in
size and contains over 430 genes.

The gain of HIF1A was as common (ca 35%) in the untreated primary cases
as in the untreated lymph node metastases and locally recurrent hormone-
refractory prostate cancers. Gain in 14q has never been reported in the literature
at these frequencies. No amplifications were detected in the clinical samples, so
it seems that PC-3 is a rare exception in harbouring HIF1A amplification, and the
observed high protein levels under normoxia may be due to gene amplification in
this case only. Since HIF1A is frequently overexpressed in clinical prostate can-
cer, the mechanisms of overexpression must be other than gene amplification
(Zhong et al., 1999). It has been shown that HIF1A mRNA is expressed regard-
less of oxygen conditions (Gradin et al., 1996). The protein, however, is not pre-
sent under normoxia, so regulation of HIF1A happens post-transcriptionally (Ji-
ang et al., 1996). HIF1A has, in fact, been shown to be degraded quickly via
ubiquitinylation and targeting to the proteasomes (Kallio et al., 1999).

The copy number increases of EIF3S3 and EZH2 genes were significantly
more common in advanced disease, and in the case of EIF3S3 the shift towards
more copies was shown to be gradual.  This is  consistent with CGH and aCGH
studies which have shown that gains in both 7q and 8q become more frequent as
the cancer advances (Alers et al., 2000; Nupponen et al., 1999; Visakorpi et al.,
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1995b; Cher et al., 1996). The frequencies observed were also in line with the
earlier studies, where the gains of 7q and 8q have been found in up to 20% of
untreated prostate cancers, and in 20–30% and up to almost 90% of locally re-
current hormone-refractory prostate cancers, respectively (Chu et al., 2003;
Nupponen et al., 1998b).

The  association  of  the EIF3S3 amplification with advanced stage, Gleason
score, and androgen-independence indicates a role for EIF3S3 in aggressive
prostate cancer. As a prognostic marker for incidentally found prostate cancers,
the gain/amplification of EIF3S3 was statistically significantly associated with
poor disease-specific survival, and could be useful in determining which cancers
are  clinically  significant  and  require  aggressive  treatment.  In  prostatectomy-
treated prostate cancers, the difference in progression-free survival time was not
statistically significant, however.

EIF3S3 was almost always co-amplified with MYC,  as has also been shown
by Nupponen et al., (1999) and Tsuchiya et al., (2002). The 8q23–24 region is
the most studied of the 8q amplicons and several target genes have been pro-
posed, including RAD21, TRPS1 (trichorhinophalangeal syndrome 1), and
KIAA0196 (Porkka et al., 2004; Savinainen et al., 2004; Chang et al., 2000; van
Duin et al., 2005b), of which RAD21 and KIAA0196 are located between EIF3S3
and MYC, and TRPS1 slightly proximal to EIF3S3. TRPS1, like MYC, has been
shown to be co-amplified with EIF3S3, indicating that the gained region in 8q is
usually quite large, ranging at least from TRPS1 to MYC (Savinainen et al.,
2004). The minimal region of 8q23–24 gain/amplification seems to lie at
8q24.13–q24.21, distally to the EIF3S3 gene at 8q23.3–24.11 (Tsuchiya et al.,
2002; van Duin et al., 2005b). However, the general co-amplification with other
genes makes EIF3S3 a putative marker for prostate cancer aggressiveness. Fur-
thermore, overexpression of EIF3S3, unlike that of TRPS1 and MYC, has been
shown to be associated with the gene amplification in hormone-refractory pros-
tate cancer (Nupponen et al., 1999; Savinainen et al., 2004). It is therefore
unlikely that the gene is co-amplified by chance alone, but contributes in a yet
unknown way to cancer progression. Some other components of the translation
initiation complex have been shown to promote tumorigenesis and a similar ef-
fect is conceivable with EIF3S3 (Lazaris-Karatzas et al., 1990).

The chromosomal region harbouring the EZH2 gene has been shown to be
gained/amplified in all the xenografts that showed increased copy number of the
gene by FISH (Laitinen et al., 2002). The xenograft with the highest peak in the
CGH profile, LuCaP41, exhibited 8–10 EZH2 signals in FISH analysis. Two
xenografts had a normal copy number of EZH2 and the cell lines had gains of the
gene. These were all to be expected, judging by the CGH profiles.

In clinical samples, the significance of EZH2 amplification was shown by the
highly increased protein expression in samples with high-level amplification.
Simple gain of EZH2 did not affect the protein levels statistically significantly.
Although EZH2 expression may be increased also in tumours without gene am-
plification, it is always increased when the gene is amplified. The patients, who
had  a  gain  of EZH2, had a slightly shorter progression-free survival after
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prostatectomy. These results suggest that amplification is one mechanism for
increased expression of EZH2, and that EZH2 is a target gene for 7q35–36
gain/amplification.

Expression of EZH2

Expression of EZH2 was studied in cell lines and xenografts by Q-RT-PCR.
There were no significant differences between the cell lines. In the xenografts, a
trend towards higher levels of mRNA could be seen with increasing copy num-
ber. The differences were not statistically significant, but this could be due to the
small sample size (n=10).

mRNA expression was also studied in clinical samples and it was higher in
untreated prostate cancer than in BPH, and higher still in the hormone-refractory
samples. One untreated sample showed notably higher expression than the rest of
the sample group. The sample was obtained by transurethral resection from a
patient whose cancer had metastasised by the time of sample acquisition. This is
in agreement with the study by Varambally et al., (2002), who found that hor-
mone-refractory metastatic disease had higher levels of EZH2 than benign le-
sions and localised tumours. However, these results show that EZH2 expression
is increased already in locally recurrent hormone-refractory prostate cancer.

Immunohistochemical analysis of clinical samples provided further evidence
for the increase in EZH2 expression in advanced prostate cancer. The staining in
hormone-refractory prostate cancer was statistically significantly stronger than in
untreated prostate cancer. Contrary to studies by others, all BPH samples studied
by IHC were stained at least moderately with the EZH2 antibody (Varambally et
al., 2002; Rhodes et al., 2003). This unexpected result may be because of the
different antibodies used, or because the dynamic range of the analysis may be
reduced due to the highly sensitive detection method used. The antibodies used
in study III were both polyclonal. Monoclonal antibodies may be more specific
and reveal a stronger association between EZH2 expression and cancer (Laitinen
and Visakorpi, personal communication).

Consistent with previous studies, there was no association between EZH2
protein expression and Gleason score or tumour stage (Varambally et al., 2002;
Rhodes et al., 2003). These earlier studies did, however, find a weak association
between high EZH2 expression and shorter progression-free survival, which was
not the case with this sample set. Again, the reason may lie in the sensitivity of
the detection system which may not detect the subtler differences in expression.
On  the  other  hand,  an  association  between  WHO  (World  Health  Organisation)
histologic grade (1=well differentiated carcinoma, 2=moderately differentiated,
and 3=poorly differentiated) and EZH2 expression has been found using a mono-
clonal antibody against EZH2 (Bachmann et al., 2006).
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Increased expression of EZH2 in prostate cancer may lead to methylation of
histones at as yet unidentified target genes and/or increased repression of
PRC2/3/4 target genes. It was also recently shown that EZH2 directly interacts
with and controls DNA methyl transferases, which methylate and thus inactivate
DNA (Vire et al., 2006). The effects of EZH2 overexpression may also take
place in the cytoplasm, as one of the antibodies used in this study stained some
samples in the cytoplasm. Cytoplasmic EZH2 has been reported in hepatocellular
carcinoma, in thymocytes and fibroblasts (Sudo et al., 2005; Su et al., 2005). Not
all of the components of the cytoplasmic PRC are known, and the distinct recog-
nition sites of the antibodies may be differently exposed in the complex. EZH2
has been shown to be required for circular ruffle formation in fibroblasts and
actin polymerisation in thymocytes (Su et al., 2005). Both these processes are
cytoplasmic and may be of importance in proliferation and cell motility also in
prostate cancer cells.

aCGH

The copy number profiles obtained by aCGH were in good agreement with CGH
profiles of the same samples (Nupponen et al., 1998a; Laitinen et al., 2002).
Previous aCGH studies of the cell lines have also produced similar profiles
(Wolf et al., 2004; Clark et al., 2003; Zhao et al.,  2005).  As  expected,  the  ob-
served differences in the copy number profiles were mainly due to aCGH’s bet-
ter resolution, as additional, smaller aberrations were identified by aCGH, and
some large alterations were shown to be comprised of two or more separate aber-
rations.  Large  alterations  identified  by  CGH  were  also  narrowed  down  by  the
aCGH.  However,  CGH  profiles  showed  some  whole  chromosome  (arm)  gains
that were not seen by aCGH, which could be due to the normalisation procedures
and sample-specific cut-offs applied.

The most commonly found copy number alterations (CNAs) in advanced
prostate cancer, such as loss of 2q, 5q, 6q, 8p, 13q, 16q, and 18q as well as gains
of 1q, 7, 8q, 16p, and 17q have been described by previous CGH and aCGH
studies (Visakorpi et al., 1995b; Nupponen et al., 1998b; Cher et al., 1996; Paris
et al., 2004). These recurrent CNAs were also found in this set of samples, which
was mainly of metastatic origin.

aCGH has previously been shown to have superior resolution compared to
CGH (Paris et al., 2003). In this study, an example of this is 8q of LuCaP35. In
the CGH profile, one large peak is evident, whereas the aCGH profile of the
same chromosome shows three separate peaks in 8q13.3–q21.1, 8q22.1–23.1,
and 8q24.12–q24.3. A recent study on a chromosome 8q-specific BAC array
showed that in 32 clinical samples as many as five minimal regions (8q21.13,
8q22.1, 8q22.2–3, 8q24.13, and 8q24.21) of frequent gain can be seen (van Duin
et al., 2005b). The peaks in LuCaP35 roughly coincide with these gains. The
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most proximal and distal peaks were confirmed by FISH with TCEB1,
KIAA0196, and MYC, which are located in the amplified regions, and the dip in
the profile at 8q23–q24.12 was confirmed by FISH with EIF3S3 and RAD21.
The resolution of the chromosome 8q-specific BAC array was better than the
resolution of the cDNA array used here, so it is possible that additional informa-
tion is still hidden in the profile of LuCaP35.

In the whole data set, four minimal regions of gain in 8q were identified, the
two proximal ones defined mainly by LuCaP35. The 8q24 amplicon was usually
amplified as one, but there were also cases where part of the most distal band,
8q24.3, was amplified by itself, and a case where the amplicon did not include
8q24.3. These data, taken together with data from other studies, including studies
of  gene  expression,  show that  patterns  of  gain/amplification  in  8q  can  be  com-
plex and involve more than one target gene.

In addition to the well known frequently gained chromosomal regions, sev-
eral previously unreported frequent CNAs, such as gain in 9p13–q21, were de-
tected. This gain may have been overlooked in CGH studies because it contains
the large heterochromatic region in proximal 9q, and such regions are usually
omitted from CGH analyses due to difficulties in interpreting repetitive se-
quences and copy number variations between individuals (Kallioniemi et al.,
1993). The array used here only contained expressed sequences, which are not as
variable. However, there were naturally no clones from the heterochromatic re-
gion, and the profiles were created based on the clones flanking it. The gain was
found in over a third of the samples and the minimal region spanned only 3.1Mb
in 9p13.3. This stretch of the genome is gene-rich and contains almost 30 known
or predicted genes, including interleukin 11 receptor alpha (IL11RA), carbonic
anhydrase 9 (CA9), and valosin containing protein (VCP), whose overexpression
has been reported in prostate cancer (Zurita et al., 2004; Tsujimoto et al., 2004;
Potter and Harris, 2003).

The gain in 9p13.3 of LuCaP35 was confirmed by FISH and it is, in fact, a
high-level amplification, as shown by 7–10 copies of the BAC-clone RP11-
165H19. The proximal boundary of the amplification in this xenograft lies be-
tween BACs RP11-165H19 and RP11-201P13 (unpublished results). Validating
FISH studies have also been done on some of the other LuCaPs and cell lines.
DU145 and LuCaPs 58, 69, 70, 77, 86.2, 93, and 115 contain a gain in 9p13.3 by
FISH, although in LuCaPs 58, 69, and 70 it was not detected by the aCGH analy-
ses. The cell line 22Rv1 contains a gain in 9p slightly distal to the minimal re-
gion identified, which was detected by the aCGH, and has been confirmed by
FISH.

Stretches of 16p (in 16p13.3 and 16p11.2–12.2) were found to be gained in
about 30% of the samples. Some CGH studies have reported gains of 16p (El
Gedaily et al., 2001; Joos et al., 1995; Kasahara et al., 2002). Most of the studies
do not report which of their samples were hormone-refractory or metastatic, and
the higher frequency of 16p gains may be restricted to metastatic and/or hor-
mone-refractory disease. There may be several target genes in 16p, as the gained
regions are gene-rich.
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Recently, concerns on the reliability of (a)CGH have been raised, based on
findings of frequent copy number polymorphisms (CNPs). Two articles claim
that CNPs occur frequently in the normal healthy population and constitute a
hitherto unknown level of genomic variation (Sebat et al., 2004; Iafrate et al.,
2004). The size of these polymorphic regions can be as large as several
megabases and the existence of such polymorphisms could cause problems in
interpretation of aCGH results. For instance, a frequently occurring CNP present
in a sample used as normal reference could lead to false discoveries of disease-
specific  CNAs.  Alternately,  a  common CNP present  in  a  disease  sample  could
lead to the false assumption that this is a disease-specific CNA. Methods to
minimise the effects of CNPs on interpretation of CGH results are clearly nee-
ded.

Expression analyses

The global  effect  of  copy number  on  gene  expression  was  determined  and  was
found to  be  significant.  The  same conclusion  has  been  reached  by  Wolf et al.,
(2003) in a microarray study of prostate cancer cell lines, and by Phillips et al.,
(2000), who have shown that the average expression level of genes residing in
gained chromosome arms in a prostate cancer progression model is significantly
elevated. This implies that the simple gains often found in prostate cancer may
be more important than previously thought. More genes showed significant up-
regulation when amplified than down-regulation when deleted, which may be
because very low expression levels may not have been reliably detected, and the
spots were filtered out during data analysis.

The eight genes whose expression was most significantly (p<0.01) associated
with increased copy number were from three chromosome arms: 1q, 9p, and 16p.
The function of four of the genes, WDR40A (WD repeat domain 40A, at 9p13.3)
and three ESTs (expressed sequence tags, two at 16p11.2, one at 1q24.3), is cur-
rently unknown. The information on the others is also limited. BAT2D1 (BAT2
domain containing 1, at 1q24.3) amplification and overexpression has been re-
ported in bladder cancer (Huang et al., 2002) and RBBP6 (retinoblastoma bind-
ing protein 6, at 16p12.1) binds the unphosphorylated form of the retinoblastoma
protein (Sakai et al., 1995). UBE2R2 (ubiquitin-conjugating enzyme E2R 2, at
9p13.3) is a ubiquitin conjugating enzyme which in its activated form influences
β-catenin degradation (Semplici et al., 2002). POGZ (pogo transposable element
with ZNF domain, at 1q21.3) contains a zinc finger domain that is usually asso-
ciated with DNA-binding activity.

The decreased expression of ten genes was associated (p<0.05) with deletion
of the gene. At least three of these, ITGA4 (integrin α 4, at 2q31.3), TNFRSF10B
(tumour necrosis factor receptor superfamily member 10b, at 8p21.3), and
COMT (catechol-O-methyl transferase, at 22q11.2) have potentially important
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functions related to (prostate) cancer. ITGA4 has been suggested a metastasis
suppressor gene in oral squamous cell carcinoma and its loss of expression via
hypermethylation has been shown in gastric cancer (Zhang et al., 2004; Park et
al., 2004). In addition, restored expression of ITGA4 has been shown to reduce
the invasive potential of gastric cancer cells through Matrigel (Park et al., 2004).
According to the microarray data, ITGA4 may play a role also in prostate cancer
metastasis, as most of the samples analysed in this study are derived from metas-
tatic lesions. The results also implicate ITGA4 as  a  putative  target  gene  of  the
frequent (39%) 2q31.3 loss.

TNFRSF10B is located in almost the centre of the minimally deleted region
in 8p21.2. It can be activated by TRAIL (tumour necrosis factor [TNF]-related
apoptosis inducing ligand) and transduces the extrinsic apoptosis pathway
(Özören et al., 2003). Inactivating mutations of the gene have been detected in
human cancers, although the frequencies have been low (Pai et al., 1998; Lee et
al., 1999; Park et al., 2001; Adams et al., 2005). As the 8p21 deletion still lacks
a confirmed target gene in prostate cancer, TNFRSF10B should be further inves-
tigated.

COMT is an enzyme that inactivates the potentially carcinogenic catechol-
estrogens. It is a polymorphic gene, and the variant with lower activity has been
linked to oestrogen-induced breast cancer (Lavigne et al., 1997). 4-hydroxy-
estradiol, a carcinogen and a substrate for COMT, has been shown to induce tu-
mours in Noble rat prostates, particularly in regions with low activity of COMT
(Cavalieri et al., 2002).

Future prospects

DNA array technologies are continually being developed, and further refinement
of amplicon structure and regions of loss in cancer is to be expected. 200,000
element oligo arrays are already being used for expression analyses and tiling
resolution BAC arrays will provide uninterrupted genomic information on
CNAs. Together these will ultimately lead to the identification of putative target
genes  of  chromosomal  amplifications  and  deletions.  The  relevance  of  the  find-
ings of this and future microarray studies will  need to be tested with functional
studies in animal or cell models.
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CONCLUSIONS

HIF1A is  not  a  frequently  amplified  gene  in  prostate  cancer,  but  a  gain  of  the
gene was found in over 30% of the clinical samples studied. Although the in-
creased copy number may explain overexpression of the gene in cases containing
extra copies, other mechanisms must be responsible for its generally observed
overexpression. In PC-3, where the only high-level amplification of the gene was
found, it may contribute significantly to the overexpression of the protein.

EIF3S3 is frequently gained or amplified in prostate cancer and is likely to
contribute to tumour progression, since the alteration is associated with advanced
disease. The results also indicate that increased copy number of EIF3S3 could be
used as a prognostic marker with incidentally found prostate cancer.

EZH2 is  gained  or  amplified  in  over  half  of  locally  recurrent  hormone-
refractory prostate cancers and high-level amplification seems to have a signifi-
cant impact on protein expression. EZH2 should be considered a putative target
gene for 7q35–36 gain in prostate cancer.

Chromosomal alterations in prostate cancer cell lines and xenografts deter-
mined by aCGH analysis are generally consistent with CGH analyses. The fre-
quencies of alterations were comparable to the frequencies found by other meth-
ods. Regions that are not identifiable by methods with poorer resolution can be
identified with aCGH. Novel frequent amplicons were detected, for example, in
9p13 and 16p and further investigations into the significance of these alterations
are warranted.

Gene copy number aberrations affect the expression levels of the altered
genes even when the copy number increase is small. Although the effect is in
most individual cases small, the combined effect is considerable and may con-
tribute to tumorigenesis and/or metastasis. Several genes in previously described,
as well as the new, regions of copy number alteration have significantly altered
expression levels. These genes should be considered putative target genes of the
copy number alterations.

Although this microarray study is not sufficient to determine whether any of
the  implicated  genes  are  the  target  genes  for  the  amplifications  or  deletions,  it
does point out genes that should be studied further. When the putative target
genes are confirmed by clinical or functional studies, they may be used as diag-
nostic or prognostic markers, or targeted therapies may be developed against
them or their products.
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Gain of the long arm of chromosome 8 (8q) is one of
the most common gains found in the advanced pros-
tate cancer by comparative genomic hybridization.
We have previously identified a putative target gene
for the 8q gain, EIF3S3, that encodes a p40 subunit of
eukaryotic translation initiation factor 3 (eIF3). Here,
we studied the frequency of the EIF3S3 amplification
in different stages of prostate cancer and co-amplifi-
cation of EIF3S3 and oncogene MYC. In addition,
prognostic utility of the EIF3S3 copy number alter-
ation was evaluated. The analyses were done with
fluorescence in situ hybridization and tissue microar-
ray technology. High-level amplification of EIF3S3
was found in 11 of 125 (9%) of pT1/pT2 tumors, 12 of
44 (27%) of pT3/pT4 tumors, and 8 of 37 (22%) of
lymph node metastases as well as in 26 of 78 (33%)
and 15 of 30 (50%) of hormone refractory locally
recurrent tumors and metastases, respectively. The
amplification was associated with high Gleason score
(P < 0.001). One of the 79 tumors with EIF3S3 ampli-
fication had only two copies of MYC, whereas all
tumors with amplification of MYC had also amplifica-
tion of EIF3S3 indicating common co-amplification of
the genes. Gain of EIF3S3 was associated with poor
cancer-specific survival in incidentally found prostate
carcinomas (P � 0.023). In the analyses of prostatec-
tomy-treated patients, the amplification was not sta-
tistically significantly associated with progression-
free time. In conclusion, amplification of EIF3S3 gene
is common in late-stage prostate cancer suggesting
that it may be functionally involved in the pro-
gression of the disease. (Am J Pathol 2001,
159:2089–2094)

During the past decades prostate cancer has become
the most commonly diagnosed cancer of men in many
Western countries.1 Despite the substantial clinical im-
portance of the disease, the molecular mechanisms un-
derlying the development and progression of the disease
are incompletely understood.2 Chromosomal aberrations
in prostate cancer have been studied with several tech-
niques, such as classical cytogenetics, loss of heterozy-
gosity analysis, fluorescence in situ hybridization (FISH),
and especially, by comparative genomic hybridization
(CGH).2 These studies have implicated several chromo-
somal regions, such as 6q, 8p, 10q, 13q, 16q, and Xq,
that may harbor genes involved in the tumorigenesis of
prostate cancer.3–9

Using CGH, we and others have previously shown that
one of the most common genetic aberrations in ad-
vanced prostate cancer is the gain of the long arm (q-
arm) of chromosome 8.3–7 It is found in up to 80% of
hormone-refractory tumors and distant metastases but
only in �5% of untreated primary prostate carcinomas.3,4

In the prostatectomy-treated patients, the gain of 8q
seems to be associated with advanced stage and poor
prognosis.7,10 In addition to prostate cancer, gain of 8q is
commonly found in several other malignancies, such as
breast, bladder, and ovarian cancers.11 For example,
almost half of the breast carcinomas contain gain of 8q.
And, the gain seems to be associated also with poor
survival.12

In most of the prostate tumors gain of 8q comprises the
whole q-arm. However, CGH studies have indicated that
there are, at least two independently amplified subchro-
mosomal regions, 8q21 and 8q23-q24, suggesting the
presence of several target genes.4,5 The well-known on-
cogene, MYC, located at 8q24.1, is considered to be a
putative target gene for the gain.4 To identify other pos-
sible target genes, we recently used the subtraction hy-
bridization technique to clone overexpressed genes in
breast and prostate tumors.13 We found that EIF3S3,
located at 8q23, was amplified and overexpressed in
approximately one-third of the hormone-refractory pros-
tate carcinomas.13,14 The EIF3S3 gene encodes for the
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p40 subunit of the eukaryotic translation initiation factor 3
(eIF3). eIF3 is the largest (�600 kd) translation initiation
factor protein complex, which has a central role in the
initiation of translation. It binds to 40S ribosomal subunits
in the absence of other initiation factors and preserves
the dissociated state of 40S and 60S ribosomal subunits.
It also stabilizes eIF2 � GTP � Met-tRNA binding to 40S
subunits and mRNA binding to ribosomes.15 However,
very little is known about the p40 subunit itself and how it
could be functionally involved in tumorigenesis.13,16

There are, however, suggestions that aberrant regulation
of translation could be important in the development of
cancer. For example, overexpression of initiation factors
EIF4E and EIF4G1 has been shown to transform normal
cells.17,18 In addition, amplification of EIF4G1, and over-
expression of EIF4E have been found in squamous cell
lung and breast carcinomas, respectively.19,20 Also, al-
lelic imbalance of INT6, which encodes for p48 subunit of
eIF3, has been detected in breast cancer.21 Recently, a
new gene EIF5A2, encoding a putative translation initia-
tion factor was cloned and shown to be amplified in the
subset of ovarian cancer.22,23

The aim of this study was to investigate the frequency
of the EIF3S3 amplification in different stages of prostate
cancer and to study the co-amplification of EIF3S3 and
MYC. In addition, prognostic utility of the EIF3S3 amplifi-
cation was evaluated. The analyses were done using
FISH and new tissue microarray technology allowing
large number of tumors to be rapidly analyzed.

Materials and Methods

Tissue Samples

The material consisted of three sets of prostate tumors.
Group I included 21 benign prostatic hyperplasias, 42
prostatic intraepithelial neoplasias, 183 radical prostatec-
tomy specimens, 20 Tru-Cut needle biopsy specimens of
stage T3/T4 prostate tumors, 95 hormone refractory pros-
tate tumors, and 39 distant metastases (obtained from
University of Basel and Tampere University Hospitals).
Fifty-four untreated local lymph node metastases were
obtained from Lund University Hospital. Clinical stage
and Gleason score of the tumors were available.

Group II included 112 incidentally found T1a/b tumors
from transuretral resections for benign prostatic hyper-
plasia obtained from the University of Basel. The age of
the patients at the time of diagnosis varied between 58
and 94 years with a mean of 76 years. FISH analysis was
successful in 105 of 112 specimens. Of those 105, there
were 20 Gleason 2-4, 60 Gleason 5-7, and 21 Gleason
8-10 tumors. Gleason score of four tumors was not avail-
able. The patients had been treated with standard ther-
apies. Overall and prostate cancer-specific survival data
were available.

Group III included 145 radical prostatectomy speci-
mens from the University of Basel. The age of the patients
at time of diagnosis was between 45 and 82 years with a
mean of 65.4 years. The TNM stage distribution of the
successfully hybridized cases was: 1 T1N0M0, 26

T2N0M0, 46 T3N0M0, 4 T2N1M0, 11 T3N1M0, and 6
T3N2M0. The TNM distribution was not available for 41
tumors. The Gleason score distribution was 100 Gleason
5-7, 33 Gleason 8-10 tumors, and 2 unknown. The pro-
gression-free time of the patients was available. The pro-
gression was defined either by increase in prostate-spe-
cific antigen levels (86% of cases), a positive finding in
bone scan (11% of cases), or by biopsy proven local
recurrence (3% of cases). The average recurrence-free
time was 4.5 years (range, 0.6 to 15.1 years).

FISH

Multitissue blocks were made from the original formalin-
fixed paraffin-embedded tumor blocks according to pub-
lished guidelines.24 Routine hematoxylin and eosin-stained
slides were used to evaluate the representativeness of the
samples. For the FISH analyses 5-�m sections from the
multitissue blocks were either cut onto SuperFrost Plus
slides (Menzel-Gläser, Braunschweig, Germany) and
baked overnight, or an adhesive-coated tape sectioning
system (Instrumedics, Hackensack, NJ) was used. A lo-
cus-specific PAC probe for EIF3S3 or MYC13 and peri-
centromeric probe for chromosome 8 (pJM128) were
labeled by nick translation with digoxigenin (locus-spe-
cific probes) and fluorescein-isothiocyanate (centro-
mere-specific probe). The deparaffinized slides were
treated with 1 mol/L NaSCN for 10 minutes at 80°C,
followed by incubation in 4 mg/ml pepsin (P-7012, in
0.9% NaCl, pH 1.5; Sigma Chemical Co., St. Louis, MO)
for 15 minutes at 37°C. The slides were then washed in
H2O and 2� standard saline citrate, followed by dehy-
dration in an ethanol series, and air-dried. The probes
were applied on the slides in a hybridization mix (50%
formamide, 10% dextran sulfate in 1� standard saline
citrate, pH 7) and then co-denatured with the samples at
80°C for 8 minutes. After hybridization for 2 to 3 days in a
humid chamber, the slides were washed and the locus-
specific probes were detected immunohistochemically
by anti-digoxigenin rhodamine. The slides were counter-
stained with 0.1 mol/L 4,6-diamidino-2-phenylindole in
Vectashield anti-fade solution (Vector Laboratories Inc.,
Burlingame, CA).

The FISH signals were scored from nonoverlapping
epithelial cells using an Olympus BX50 epifluorescence
microscope (Tokyo, Japan). A Photometrics charge-cou-
pled device camera (Photometrics, Tucson, AZ) and
IPLab software program (Scananalytics Inc., Fairfax, VA)
were used to capture images. The previously published
criteria for amplification13 were slightly modified because
tissue sections, instead of isolated nuclei, were analyzed
here. Briefly, the tumors were classified into three groups:
nonamplified (no increase in EIF3S3 or c-myc copy num-
ber), low-level amplification (3 to 5 copies per cell), and
high-level amplification (�5 copies of the genes per cell).
Tumors that showed �10% of malignant cells with in-
creased copy number of either EIF3S3 or c-myc were
considered to have copy number alterations.
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Statistical Analysis

Statistical analysis of the data were done using BMDP
Statistical Software Package.25 Pearson chi-square test
was used to evaluate the associations of the gene copy

number and tumor type, clinical stage, and Gleason
score. The survival differences of patients were evaluated
by Kaplan-Meier method, and the statistical significance
of survival differences between the patient groups was
determined with Mantel-Cox and Breslow tests.

Results

Figure 1 demonstrates a FISH analysis of a hormone-
refractory prostate tumor with high-level amplification of
EIF3S3.

Group I: this set of samples was used to study the
frequency of EIF3S3 amplification across different grades
and stages of prostate tumors. FISH analysis of the
EIF3S3 was successful in 369 of 454 (81.3%) of cases.
Table 1 summarizes the frequency of the EIF3S3 ampli-
fication in prostate tumors. No copy number changes
were found in nonmalignant (benign prostatic hyperpla-
sia) or premalignant (prostatic intraepithelial neoplasia)
prostate. The high-level amplification of EIF3S3 was
found only in �10% of local (pT1 and pT2) prostate
cancers, whereas hormone-naı̈ve lymph node metasta-
ses as well as hormone-refractory tumors showed the
amplification in �20 to 50% of the cases. Gain (or low-
level amplification) of EIF3S3 was found in �30 to 50% of
the prostate cancers. The amplification of the gene was
statistically significantly associated with advanced stage
of disease (P � 0.001) and high Gleason score (P �
0.001).

Group II: this set of samples was used to evaluate the
prognostic significance of EIF3S3 amplification in pros-
tate carcinomas that were incidentally found in transure-
thral resection specimens. FISH analysis was successful
in 105 of 112 (93%) of cases. High-level amplification of
EIF3S3 was found only in 6 of 105 cases (5.7%), whereas
low-level amplification was found in 27 of the 105 (26%).
Of the six cases with high-level amplification, five (83.3%)
had died during the follow-up period. In contrast, 18 of
the 27 (55.7%) cases with low-level amplification and 37
of the 72 (51.4%) cases without copy number alterations
had died. However, there was no association between

Figure 1. FISH analysis of the copy number of EIF3S3 gene in prostate
cancer. The analysis was performed on multitissue array format in which one
slide (A) contained up to �500 small (diameter, 0.6 mm) samples (B)
counterstained with 4,6-diamidino-2-phenylindole. C: Red signals indicated
�10 copies of the EIF3S3 gene and green color approximately six copies of
chromosome 8 centromere in a hormone-refractory prostate tumor.

Table 1. Association of EIF3S3 Amplification with Clinicopathological Variables

Variable

EIF3S3 copy number (%)

P valueNormal
Low-level

amplification
High-level

amplification

Specimen type
Androgen-dependent

BPH 19/19 (100) 0/19 (0) 0/19 (0) �0.001*
High-grade PIN 36/36 (100) 0/36 (0) 0/36 (0)
Prostatectomy specimen (T1/T2) 74/125 (59) 40/125 (32) 11/125 (9)
Locally advanced (T3/4) 18/44 (41) 14/44 (32) 12/44 (27)
Lymph-node metastases 10/37 (27) 19/37 (51) 8/37 (22)

Hormone-refractory
Local 20/78 (26) 32/78 (41) 26/78 (33)
Metastases 4/30 (13) 11/30 (37) 15/30 (50)

Gleason score
�7 79/115 (69) 31/115 (27) 5/115 (4) �0.001
�8 22/78 (28) 33/78 (42) 23/78 (30)

*Comparison made between all groups under the title “specimen type.”
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overall survival and EIF3S3 copy number alterations. The
prostate cancer-specific follow-up data were available
from 85 of the 105 cases. One tumor from the 10 (10%)
patients who had died of prostate cancer showed the
gene amplification, whereas only 2 tumors out of the 75
(3%) patients who had not died of prostate cancer
showed the amplification (Table 2). The difference was
not quite statistically significant (P � 0.084). In the dis-
ease-specific survival analysis (Figure 2A), the increased
copy number (either low- or high-level amplification) of
EIF3S3 was associated with poor survival (P � 0.023).

Group III: this set of samples was used to study prog-
nostic significance of the EIF3S3 amplification in patients
treated by radical prostatectomy. The FISH analysis was
successful in 135 of 145 (93.1%) cases. Eleven of 135
(8.1%) and 30 of 135 (22%) of the samples showed
high-level and low-level amplification of EIF3S3, respec-
tively. In a single case only one copy of chromosome 8
centromere and EIF3S3 were found. According to
Kaplan-Meir analysis, the progression-free survival was

slightly poorer for patients with EIF3S3 amplification than
in patients without the amplification (Figure 2B). However,
the difference was not statistically significant (P � 0.380).

By combining the data from all above-mentioned sam-
ples (n � 461), the co-amplification of EIF3S3 and c-myc
in almost all cases became evident (Table 3). There was
only one case with high-level EIF3S3 amplification with
two copies of MYC.

Discussion

Gain of 8q is one of the most common chromosomal
alterations in late-stage prostate cancer detected by
CGH.3–5 We have earlier identified a putative target gene
for the 8q gain, EIF3S3.13,14 Here, we analyzed the fre-
quency of the amplification of EIF3S3 in prostate carci-
nomas of different stages. None of the benign prostatic
hyperplasia or prostatic intraepithelial neoplasia lesions
showed amplification of the gene. In addition, the high-
level amplification was found to be rare in untreated
stage pT1/pT2 tumors. However, in locally advanced and
metastatic tumors, the amplification was found approxi-
mately in one-fourth of the cases. In hormone-refractory
tumors the amplification was detected in 30 to 50% of the
cases. The findings are in good agreement with our ear-
lier FISH analyses showing high-level amplification of the
gene in 13 of 44 (30%) of locally recurrent hormone-
refractory prostate carcinomas.13 The frequency of low-
level amplification in the locally recurrent hormone-refrac-
tory tumors was somewhat lower (41% versus 70%) than
we have previously reported.13 This may be because of
the fact that more tumors were analyzed here. In addition,
the FISH analysis was performed on tissue sections in-
stead of isolated nuclei as in our previous study.13 Lost
signals because of nuclear slicing may possibly lead to
underdetection of low-level amplifications. The amplifica-
tion was found almost eight times more often in poorly
differentiated tumors (Gleason score � 8) than moder-

Table 2. Association of EIF3S3 Amplification with Prostate Cancer-Specific Death in Incidentally Found Prostate Cancer

No. of cases (%)

EIF3S3 copy number

TotalNormal
Low-level

amplification
High-level

amplification

Alive or died of some other reason than prostate cancer 55 (73) 18 (24) 2 (3) 75 (100)
Dead 4 (40) 5 (50) 1 (10) 10 (100)

P � 0.084.

Figure 2. A: Prostate cancer-specific survival of incidentally found (n � 84)
prostate cancer patients according to the EIF3S3 copy number. The patients
had been treated with various forms of therapies according to routine clinical
practice. B: Progression-free survival of the prostatectomy treated men (n �
135) according to the EIF3S3 copy number.

Table 3. Co-Amplification of EIF3S3 and MYC

MYC copy number

No. of tumors

EIF3S3 copy number

Normal
Low-level

amplification
High-level

amplification

Normal 218 2 1
Low-level amplification 2 157 10
High-level amplification 0 3 68
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AJP December 2001, Vol. 159, No. 6



ately or well-differentiated tumors (Gleason score � 7).
Altogether, the results suggest that the amplification of
EIF3S3 is involved in the late progression of prostate
cancer.

The FISH analyses were done using tissue sections
making the evaluation of actual copy number of the gene
difficult. However, in the case of amplification, typically 5
to 10 signals per nucleus were seen indicating that the
level of amplification was quite moderate. The finding is
consistent with the earlier CGH studies, which most often
have shown gain of the whole q-arm of the chromosome,
and only rarely high-level regional amplification.3–5,9 This
feature makes the gain of 8q clearly different from, for
example gain of Xq, the second most common gain in
hormone-refractory prostate cancers. According to FISH
analysis, the amplification of the target gene of the Xq
gain, androgen receptor gene, typically consists of 10 or
more copies of the gene.26 However, we have previously
shown that even the moderately increased copy number
of EIF3S3 may lead to overexpression of the gene in
prostate cancer.13 Therefore, it is possible that amplifica-
tion of lower level but larger chromosomal region harbor-
ing many genes in 8q is selected for during the progres-
sion of prostate cancer.

Another putative target gene for the gain of 8q in
prostate cancer is MYC located at 8q24.1.4 We have
earlier shown that in a subset of breast carcinomas
EIF3S3 and MYC are not co-amplified.14 Here, in this
large series of prostate tumors, we found only one case in
which EIF3S3 was amplified without MYC amplification,
whereas all cases with MYC amplification had also
EIF3S3 amplification. The finding suggests that both
EIF3S3 and MYC may be important in the progression of
prostate cancer, and therefore they are equally selected
for. In addition to MYC and EIF3S3 there are other puta-
tive target genes for 8q gain in prostate cancer as well.
These include recently cloned prostate stem-cell antigen,
and GC79 encoding a zinc-finger protein, both located in
the 8q23-24 region.27,28 The other minimal commonly
amplified region in prostate cancer is 8q21 of which
target genes are still not known.4,5,9 Because there are
likely to be numerous putative target genes, it will be
important to compare the alterations of all of the different
putative target genes in large tumor materials as done
here for MYC and EIF3S3.

The prognostic significance of the EIF3S3 amplification
was retrospectively studied here in two sets of tumors. In
the cases of incidental prostate cancers, the amplifica-
tion was found in only �5% of cases. The number of
tumors with the amplification was too small for prognostic
analyses. However, by combining the groups of low- and
high-level amplification, we found that the increased
copy number of EIF3S3 was associated with poor dis-
ease-specific survival. Thus, it may be that the copy
number alteration of EIF3S3 could be useful in predicting
which incidental cancers are clinically significant. Evi-
dently larger studies are needed to confirm the finding.

In the second set of cases, 135 prostatectomy speci-
mens, from patients whose progression-free survival data
were available, were analyzed. Approximately 55% of the
patients with the amplification but only �30% of those

without amplification experienced progression. Although
the progression-free time curves showed a worse prog-
nosis for the patients with amplification of EIF3S3 than for
patients without the amplification, the difference was not
statistically significant. This is in some contrast to the
findings of Sato and co-workers,29 who have previously
suggested that MYC amplification is associated with poor
survival in prostatectomy treated stage C disease. Be-
cause MYC and EIF3S3 were almost always co-amplified,
it was evident that MYC did not have prognostic value in
our material either (data not shown). The major difference
between the studies by Sato and colleagues29 and by us
is that Sato and co-workers analyzed high-grade, stage
pT3 tumors, whereas our material consisted of both mod-
erately and poorly differentiated pT1-pT3 tumors. Thus,
for example, the frequency of 8q gain was higher in the
study by Sato and colleagues29 than in our study (54.2%
versus 30.4%). The definition of high-level amplification
was also different in the two studies. Sato and co-work-
ers29 found an “additional increase” of MYC in 19.4% of
cases, whereas high-level amplification of EIF3S3 (and
MYC) was found in only 8% of our prostatectomy series.
It may also be that because the cases in our study were
lower stage and grade, the prostatectomy had removed
these tumors before the effects of EIF3S3 (and/or MYC)
on progression had have enough time to affect.

In this study, the FISH analyses were performed in a
multitissue section format. The use of multitissue blocks
instead of original single tumor blocks has several ad-
vantages. It allowed us to screen a large number of
tumors in a relatively short period of time. Altogether 609
specimens were analyzed. Because the hybridizations
were done on a few slides (five slides per gene), the
slide-to-slide variation could also be expected to be low.
An additional advantage of multitissue slides is that, at
least in our hands, the FISH analyses seemed to work
better in this than in the traditional one tumor section per
slide format. This may well be because of the fact that in
the multitissue blocks the tissue samples are small and
equal in size. Therefore, the pretreatment of the slide,
which is the most important variable in the FISH analysis,
probably affects equally to each specimen on the slide.
The disadvantage of the multitissue technology is that
only a small proportion of the tumor is analyzed. Because
of the known intratumoral heterogeneity of prostate can-
cer, the absolute frequency of aberrations may thus be
somewhat underestimated. However, this possible un-
derestimation of absolute frequencies should not affect
the clinicopathological associations based on a large
number of specimens, because all specimens on a tissue
microarray are subjected to the same sampling limita-
tions.

In conclusion, we have shown here that the high-level
amplification of EIF3S3 gene is associated with ad-
vanced stage, androgen independence, and poor differ-
entiation of prostate cancer. The gene is in most of the
cases co-amplified with MYC. Both association with ad-
vanced stage and preliminary prognostic analyses sug-
gest that amplification of EIF3S3 might be important for
the progression of prostate cancer. Further studies are
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warranted to evaluate the function of the gene as well as
possible prognostic utility of the amplification.
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